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PREFACE 


Progresss in any scientific field is highly dependent upon developments 
in methodology. Endocrinology has been a good example of this phe- 
nomenon. During the past ten years analytical proccvlures for the assess- 
ment of hormones and their metabolites in body fluids have been improved 
enormously. Methods have been developed which are capable of separat- 
ing fractions of a microgram of material and which permit quantitative 
determination of these importai\t constituents with excellent accuracy. 
Such developments have led to the first rational hypothesis of certain 
forms of virilism, have permitted the elucidation of the biochemistry of 
certain congenital defects of the adrenal, and liave ))0('n of important 
diagnostic aid to the clinician. 

This volume, the first of a new serii-.s on “Mctliod.s in Hormone Re- 
.scarch,” presents for the specialist and student an authoritative review 
of chemical metliods. For the investigator, complete discussions of 
methodology are presented in a manner sufficiently ])rovocative and 
critical to stiimdate new ideas on the develoinncnt of yet better methods. 
^^'orkers in hosjjital and pharmaceutical laboratories will find discussions 
and working descriptions in many instances of tested, accuirate, sensitive, 
and convenient methods for repetitive work. This volume should be par- 
ticularly valuable for the idiysician who depends on many of these 
methods as aids in diagnosis and progno.sis. For him this volume is a guide 
to newer and better patii nt care and is certainly indis[)ensable for his 
clinical research program. 

For the editor, thi.s work has hi cn a great joy due to the fine coopera- 
tive spirit of the contributors who are really responsible for the success 
of the effort. These distinguished colleagues have given liberally of their 
time so that many may profit. 

To Mrs. lola Graton and Miss Elaine Massad, I am grateful for their 
devoted cooperation in many technical matters. 

Raldi T. Dorfman 

Shrewsbury, Massachusetts 
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1. IiirrcKliicliim 

The estrogens constitute fi groui) of hormones, which, with other 
hormones, are responsible for the. development and maintenance of the 
female sex organs and .secondaiy sex characters, and for the maintraiance 
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of the menstrual cycle and pregnancy. In the female the organs of origin 
are the ovary, the placenta, and the adrenal cortex, and in the male the 
testicle and the adrenal cortex. 

The naturally occurring estrogens are steroids, having an 18- or 19- 
carbon molecule, an aromatic ring A, and a hydroxyl group at carbon 
atom 3. The hydroxyl group is therefore phenolic. 



I 8-HTOROXTESTROME Z-METHOXYESTRONE 2-METHOXTESTRIOL 


Fia. 1. Above, stmeture of the three classic estrogt'ns, estrone, estradiol-17/3, and 
estriol, ostiiblishod inetiibolie pathways being indicated by arrows. Below, structurt* 
of some newly discovered human estrogens. 

In the human, Llic three main or ^^classic’^ estrogens are estrone. 
estradiol-17/?, and estriol. These were isolated, respectively, in 1929 
(Doisy et al.^ Butenandt), in 1935 (MacCorquodale et al.), and in 1930 
(Marrian). lor many years they were thought to be the only estrogens 
occurring in ^e human, although the mono and didehydro derivates of 
estrone, equilin, and equilenin, had been found in animals (Girard et al., 
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1932) . The chemical structure of these hormones, together with some of 
the metabolic transformations known to occur, are given in Fig. 1. 

No additional estrogens from human sources were discovered be- 
tween 1935 and 1955. In the latter year Marrian and Bauld (1955) 
identified 16-epiestriol (estriol-16/8, 17/S) in human pregnancy urine. 
Further studies in pregnancy urine by Marrian and co-workers resulted 
in the isolation of 16a-hydroxy estrone, 16-oxoest.radiol-l7/8 and 16/8- 
hydroxyestrone (Layne and Marrian, 1958), and 18-hydroxyostrone 
(Loke et nl., 1959). A further estrogen of somewhat unusual structure, 
2-methoxycstrone, was isolated from human urine, following the admin- 
istration of estradiol-1 7/S-f8-C’'‘ by Kraychy and r»a]lagher (1957), and 
by Engel and co-workers (1957). More recently. 2-mcthoxyestriol was 
isolated from human urine by J. Fishman and Gallagher (1958). The 
chemical structure of these newer estrogens are given in Fig. 1. 


II. Problems and Diffirullies 

Estrogens, in common with other steroids, can exist in the organism 
in the free state or in conjugation with sulfuric acid or with /3-gluc.uronic 
acid. It is also po.ssible that additional conjugate forms exist. Both the 
unconjiigated .steroids and the conjug.ates can theoretically be bound to 
tissue protein, i)lu.sma protein, red cell protein, or red cell envelopes, and 
there is evidence tliat such estrogen binding occurs biologically, at least 
in the case of the plasma proteins (see Section X) . Estrogens have been 
deinon.slrated in human ami animal tissues, plasma, red cells, feces, bile, 
and urini-. The isolation of an increasing number of naturally occurring 
estrogens, the dilTerent ])hy.'-icoch<'mical forms in which estrogems may 
exist, and the variety of ti.ssues and bit)logical fluids in which e.strogen8 
are found combine to make a complete analysis of estrogen.s a formidable 
l)roblem. 

There are however furIluT difficuliics. The (|uantity of estrogen 
l)resent in most tissue.s and biological fluids is usually small (of the order 
of a few' micrograms), and the amount of interfering material is fre- 
quently large. Available methods for the detection and quantitative esti- 
mation of estrogens are in general nonspecific, and procedures used for 
the preliminary sejiaration of estrogens from interfering material may 
be inadequate for the purpo.se. The increasing number of estrogens iso- 
lated from natural sources has already b(“en noted. These e.strogcns have 
each to be separated from interfering material, .as w-ell as from one 
another. There is as yet a notable* lack of methods for the direct estima- 
tion of steroid conjugates in general and of estrogen conjugates in par- 
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ticular. Difficulties in estimating the degree and nature of protein binding 
are well known ; and finally the methods for liberation of estrogens from 
the protein bond are probably not always quantitative. 

In view of these difficulties, it is clear that the various methods and 
procedures currently available for the estimation of estrogens must be 
viewed critically, and methods chosen which are considered adequate for 
a particular purpose, in so far as this is possible. The limitations and 
imperfections of the methods used should be clearly recognized in the 
interpretation of the data obtained. 


III. Criteria for the Assessment of Methods and Procedures 

In order to assess the validity of methods and procedures, use must 
be made of appropriate criteria. Suitable criteria have been suggested by 
Borth (1952) , by means of which validity is assessed in tenns of accuracy, 
precision, sensitivity, and specificity. These criteria will be ai)plicd to the 
various procedures described in this chapter. 

The definitions of these criteria are as follows: occuranj, the ^'xlctit 
to which the appropriate added substance can be recovered; prerivon, 
the degree of agreement of replicate estimations; urnf^itirify, the least 
quantity of the substance which can.be measured; specificity, the extent 
to which the j>rocedurc measures only the substance in question. Of these, 
a high degree of specificuty is the most difficult to achieve, although sen- 
sitivity is often a problem. Accuracy and precision are more easily 
achieved, and several procedures .are adef|uale in this respect. 


IV. The Ksliinalioii of Estrone, Estradiol- 17j8. and Eslriol: 

Goin‘ral Proct*dim's 

Most of the procedures published relate to the estimation of the 
classic estrogens; estrone, estradiol- 17y3, and eslriol, and in this section 
reference will be made only to methods for estimating these three. 
Methods for estimating the newer estrogens will be discussed in Section XT. 

A. Collection and Storaue of Sampler 

Urine can be preserved by adding 5 ml. 50*^0 (v/v) sulfuric acid to 
the container before collection of a 24-hour sample. Estrogens will remain 
stable in urine so treated for 1 to 2 weeks at room temperature, although 
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presumably a minor degree of hydrolysis may occur. If longer storage is 
necessary, the urine should be stored at -15®. Leon et al. (1959) found 
that urine samples stored at room temperature without preservative for 
several weeks underwent hydrolysis, and, in addition, the total content of 
estrone, estradiol-17)8, and estriol appeared to increase. Blood samples 
should bo centrifuged immediately after collection and the plasma stored 
at —15°. Plasma estrogens are stable for at least a month under these 
conditions. With other biological fluids and with tissues, storage at —15° 
also appears to be the best method for preservation. 

B. Hydrolysis 

It is probable that virtually all estrogens in human urine are in the 
form of conjugates. Since methods for the direct estimation of estrogen 
conjugates are not currently available, it follows that hydrolysis is a 
necessary preliminary step in the estimation of total urinary estrogens. 
In plasma, available evidence suggc.sts that estrogens exist in both un- 
conjugated and conjugated form.s, and here hydrolysis is again nccessaiy 
to provide an estimate of total blood estrogens. This also applies to 
(issues and to other biological fluids. 

The chussic procedure for the hydrolysis of estrogen conjugates in 
biological fluids is to boil the fluid with a strong acid. Hydrochloric or 
sulfuric acid is added to the fluid to be hydrolyzed, and the solution is 
then refluxed for periods of 30 to 120 minutes. Various recommendations 
regarding the amount of :icid to be added and the length of time of re- 
fluxing have been put foi vvurd. A recent and authoritative study of the 
optimal conditions for acid hydrolysis of urine have been made by Brown 
and Blair (1958). These authors ii . cstigated the maximal estrogen yields 
obtainable from urine under A’arying conditions, in terms of Brown’s 
method for e.stiraating urinaiy e.strogcu.s (Brown, 1955) . Maximal yiehls 
were obtained when 15-20 volumes of concentrated hydrochloric acid 
were added to 100 volumes of urine, .and the solution refluxed for 60 to 
120 minutes. Within these limits the yields of estrogen remained approxi- 
mately constant. The amount of .. '* d added was im'crsely proportional 
to the refluxing time required. The authors were also able to show that 
hydrolysis by this procedure was .accompanied by some destruction of 
the estrogens. 

These findings havi* been biicfly confirmed in the author’s laboratory. 
In the method of Preedy and Aitken (1961b), an aliquot of urine is 
brought to the boil, and concentrated HCl is added down the refluxing 
condenser in the proimrtion 15 ml. acid to 85 ml. urine; the re.sulting mix- 
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ture is refluxed for 45 minutes. This procedure is in accord with the recom- 
mendations of Brown and Blair (1958), and has been found to give a 
maxima] yield. 

Acid hydrolysis as described above has also been used by Preedy and 
Aitken (1961b) in the determination of plasma estrogens. Here acid hy- 
drolysis has the combined effect of hydrolyzing conjugates and denaturing 
the plasma proteins, w’ith presumed quantitative release of estrogens 
from the protein bond. This procedure will be discussed further in Sections 
IX and X. 

Continuous extraction for 48 hours or more with ether or chloroform 
from an acid j)IT (usually 1.0 or less) has been used by various authors 
for the hydrolysis of urine, blood, and tissue estrogen conjugates (Slaun- 
white and Sandberg, 1956; Hagopian and Levy, 1958; Migoon et al., 1959; 
Beer and Gallagher, 1955a). This is a somewhat less drastic procedure 
than conventional acid hydrolysis, and presumably results in less de- 
struction of estrogens although comparative studies have not been pub- 
lished. This form of hydrolysis is considered to result in quantitative* 
cleavage of estrogen sulfates, but not of estrogen glucosiduronates. 

In general, sulfates appear to be more easily hydrolyzed than gluco- 
siduronate.s, and a very mild treatment probably suffices. S. L. T'ohen 
.and Oneson (1953) found that various ketosteroid sulfates, including 
estrone sulfate, could be hydrolyzed quantitatively by allowing them 
to stand overnight in 1 to 10 ml. of- 1 ,4-dioxane at room temperature. 
Glucosiduronates w’erc not affected by this treatment. Burstein and 
lyieberraan (1958) were able to show that various ketosteroid sulfates 
could be similarly hydrolyzed by shaking them with ether or ethyl ace- 
tate under appropriate co?iditions. The use of differential hydrolysis pro- 
cedures in the estimation of estrogen conjugates will be discussed in 
Section VTI. 

Enzymatic hydrolysis has been used to an increasing extent in the 
estimation of total estrogens, particularly in urine. Material obtained 
from bacterial sources and from organs of animals, shellfish, and snails 
may contain large amounts of ;8-glucuronidascs and/or phcnolsulfatases 
capable of hydrolyzing estrogen conjugates. The beef-liver preparation 
Ketodasc ® (Wamer-Chilcott Company) has been most frequently em- 
ployed for hydrolyzing glucosiduronates (Beer and Gallagher, 1955a, b; 
Gallagher et al., 1958; Dancis ct al, 1958; Migeon et al, 1959). Urine is 
adjusted to pH 4.7-5.0 with acetate buffer, 300-500 Fishman units of 
Ketodase per milliliter of urine are added, and the mixture is incubated 
at 37° for 5 days. Althougli shorter periods (e.g., 48 hours) have been 
employed, there is some doubt whether estriol glucosiduronate is quan- 
titatively hydrolyzed in less than 5 days. 
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Acetone-dried material from tiic gut of the limpet (Patella vulgata) 
contains both glucuronidases and sulfatases, and has been used success- 
fully by Brown and Blair (1958) for the hydrolysis of estrogen conjugates 
in urine. The material is added to the urine, Ihc pH is adjusted to 4.7 
using acetate buffer, and the mixture is incubated at 37° for 96 hours. 
Very satisfactory results were obtained if a minimum of 600 units glucu- 
ronidase and over 2500 units sulfatase per milliliter urine were used. A 
higher yield was obtained with enzyme hydrolysis than with acid hy- 
drolysis, and the enzyme hydrolysis was considered to be quantitative. 

A preparation containing phenolsulfatase, Mylasc (Wallcrstein Lab- 
oratories), is available, and has been used to hydrolyze estrogen sulfates; 
200 mg. arc added per 100 ml. of urine, the pH is adjusted to 6.0, and 
the mixture incubated at 50°(1. for 24 hours under a layer of toluene 
(H. C ohen and Bates, 1949) . Under these conditions, hydrolysis of sul- 
fates is thought to be quantitatri'e (('ohen and Bate,s, 1949; llancis et al, 
1958). 

There are various advantages in using enzymatic liydrolysi.s. Firstly, 
the treatment is mild, compared with acid hydrolysis, and no significant 
destruction of estrogen occurs, as indicated by Brown and Blair (1958). 
Secondly, acid hydrolysis itself tends to produce much interfering ma- 
terial. This docs not occur to the same extent witli enzymatic hydrolysis. 
Thirdly, many of the newer estrogims are unstable whim relluxed with 
strong acid, and enzymatic hydrolysis may then he the only form of 
hydrolysis which can be used. 

On the other hand, enzyme hydrolysis is, in general, expimsive and 
time consuming. Althougii conjugates of estrone and estradiol-17^ are 
readily hydrolyzed in 24 hours, those of estriol appear to require up to 
5 days. Brown and Blair (1958), using the method of Brown (1955), 
found that with enzyme-treated urine, although material interfering 
with the estimation of estrone and estradioi-17;8 was reduced (as com- 
])ared with acid-treated urine), material interfering with the estimation 
of estriol was actually increased. A similar .situation has been expe- 
rienced using the method of Preedy and Aitken (1961b). 

C. Extraction 

After hydrolysis of conjugates in any biological fluid, the free estro- 
gens so released must undergo concentration and preliminary purifica- 
tion by a series of hand extractions. The design of a suitable extraction 
procedure depends on a consideration of estrogen partition coefficients 
between various immiscible solvent pairs. Two extraction procedures 
have been generally applied to urine, those of Engel et al. (1950) and of 



8 


JOHN R. K. PKEEDY 


Rrownn (1955). Both procodurrs depend on a pn^liminaiy extraction of 
the hydrolyzed urine with etlier; a phenolic i)artition between NaOH and 
an organic solvent such as toluene^ benzene, or light petroleum, in which 
the estrogens, being i)henolic, nnnain in the alkaline phas(?, and neutral 
lipids enter the organic phasic and an ether extraction from an aqueous 
phase adjusted to pTI 9.0-10.0. "Many variants of these procedures have 
been used. 

The method of Brown (1955) includes in addition a partition be- 
tween benzeno-liglit petroleum (1:1) and water, fir, this ])artition, estriol 
is quantitatively separated from estrone and estradiol-17/J, the former 
being distributed only in the aqueous phase' aiul the latter two only in 

TAHLIC J 

Extraction Procedurk rou Puin.'ry or Plasma JOstrookas d nL, 1050) 

Acid hydrolyzed uriru* or phisnia 
Extnicl X 4 with 0.25 v(»l. ctlu^r 


1 )i.scard jkiuoous 


r~;' 

I)i.sc4'ird wjishiii^s 


E.\tra<‘t and washiiif^s. Wash X 
2 with 0.1 vol. ?i-h<*xane. Di.scard 
a-hexane. Acidify to ])H 0.0 -j 
0.5 with () .V 1T2 S()i; extract X I 
with 0.25 vol. (‘thcr.^' 


(\»nd)in(‘d (‘(her extracts: wash 
X 2 with 0.1 vol. saftiratod 
.\alKX>,: wash X I with 0.03 
vol. H 4 ). 

I 

1 

J']vaj)ora(c (*t}u‘r to dryiic.ss. i)is- 
.M)lvc rcsidiK* in about 80 ml. 
toluene: extract. X 4 witli 0.25 
vol. ,V NaOH; \\.M.''h X 2 witli 
0.05 vol. IhjO." 


Discard toluene lay(T 


Discard aqiieouH Wash el her X 2 with 0.05 vol. 

HsO. Evaporate ether to dry- 
ness. 

* Dried ether extract should be dissolved in 1 N NaOH, as well as in toluene, since 
estriol is virtually insoluble in toluene; 200 ml. toluene should be used in extracting 
plasma. 

* A buffer containing 20 vols. saturated KHCO3 and 1 vol. saturated K2CO3 is useful 
when adjusting to pH 9.0. 
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the organic phase. A partition between water and benzene appears to be 
equally effective (West et al., 1958a). Separation of estriol from estrone 
and cstradiol-17^ is not iierfoniied in the extraction procediire of Engel 
ctal. (1950). 

The procedure of Engel ct al. (1950) has the advantage that, only one 
extraction sequence is involved, as opposed to two sequences in those 
methods employing the water-benzene partition. It is simple to use, and 
the loss of estrone, e8tradiol-17;8, and estriol during processing is less 
than 5%. It has been found most satisfactory in the author’s laboratory, 
where it has been used for a number of years. It has been incorporated 
into the method of Preedy and Aitkcn (1961b), and is given in Table I. 
It can be applied to plasma as well as to urine. 

1) Aduitionat. Purification Steps 

Even after the procedures described above, the resulting extract tends 
to be bulky and contains much interfering material, particularly in the 
case of urine. Consocpicntly, any further steps which can be taken to 
reduce the interfering material will be of value, and two additional purifi- 
cation steps arc worth mentioning. It has been found that the three classii; 
estrogens arc resistant to boiling in dilute aqueous alkali and that this 
greatly reduces the amount of material interfering with the measurement 
of estrogens by the Kober method. This additional stej) was described by 
Bauld (1956J, and has been incorporated into the method of Brown for 
urinary estrogens (Brown, 1955; Brown et al., 1957b). 

Theoretically, ion exchange resins should be valuable in the further 
purification of urinary extracts. Engel (1958) has described the use of 
Dow'ex 2 anion exchange resin columns, in the bicarbonate form. Phenolic 
(or total) extracts are dissolved m methanol and transferred to the 
column. About 70 ml. of methanol is allowed to flow through the column 
and the estrogens are then eluted using 3 to 5 N acetic acid in methanol. 
Evolution of C ()2 is disregarded. An 80% reduction in interfering fluores- 
cent material is claimed. A description of this iiiethod will soon be pub- 
lished. It should prove of considerabit value. 

E. Cuko.matocraphic SeVAR-VITON 

Methods for the quantitative estimation of estrogens cannot be ap- 
plied directly to cnide extracts of urine, pla.^ma, or other biological mate- 
rial, due to the presence of the large amourds of interfering substances 
already referred to. Further separation of estrogens is essential. It was at 
this stage that methodology for the chemical estimation of estrogens was 
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held up for many years for lack of appropriate techniques. The advent 
of chromatography made such separation possible for the first time. 

Several chromatogr§,phic techniques have been applied to the es- 
timation of estrogens in biological fluids, particularly in urine: paper 
chromatography; adsorption column chromatography; ion exchange chro- 
matography; countercurrent distribution and column partition chroma- 
tography; and gas chromatography. 

1. Paper Chromatography 

In the simple.st form of this type of chromatography, the crude mate- 
rial is placed at one end of a length of filter paper in a small volume of 
solvent, which is then allowed to dry. The paper is then suspended from a 
trough, the whole being enclosed in a glass tank. A solvent or solvent mix- 
ture is placed in the trough and is allowed to flow slowly down the length 
of the paper. The various substances contained in the crude material ap- 
plied to the paper move downward from the point of origin at varying 
speeds, dei)ending on the affinity of each for the paper (or more accu- 
rately the paper-water complex) on the one hand, and the solvent on the 
other. The ratio of the distances from the point of origin of a substanc(' 
and of the solvent front is known as the B/ value. Substances with a high 
Rf value (e.g., 0.9) move near the solvent front, and those with a low lit 
value (e.g., 0.1) move more slowly from the point of origin. 

Paper chromatography depending on the use of one solvent phase as 
described has a limited application only. The use of two solvent phases 
greatly increases vei’satility, and this form of paper chromatogra})hy is 
generally used. The paper is allowed to take up an appropriate solvent 
(usually water miscible) , which is then regarded as the stationary phase, 
and a second solvent (usually an organic solvent, which is immiscible 
with water and with the stationary phase) is allowed to flow over the 
paper. This second solvent is the mobile phase. The paper then acts 
mainly as a supporting medium for the stationary pha.se, although it 
probably still retains adsorptive properties to some degree. The composi- 
tion of both stationary and mobile phases can of course be varied, mak- 
ing this a versatile method of chromatography. 

Paper chromatography has been used in estrogen estimations by a 
number of workens. A summary of the solvent systems used for each of 
the three classic estrogens, together with the appropriate references, is 
given in Table IT. 

The advantages of paper chromatography in the estimation of estro- 
gens are as follows: (a) it is relatively easy to perform, little apparatus 
being required; (b) it is relatively sensitive, homogeneous material being 
concentrated at one spot, rather than distributed over a series of frac- 



TABLE II 

Paper Chromatoobapry of Estrogens 


Solvent systems 


Estrogen 

Stationary 

Mobile phase 

Rf vah 


phase 

Estrone 

Formamide 

o-Dichlorobenzene 


Estradiol- 17/3 

Form amide 

0 - 1 )ichIorobenzen<' 


Estradiol- 17^ 

Formamide 

Cyclohexane 


Estriol 

Formamide 

Mcdhylene chloride 


Elstrone 

Methanol 

Petroleum ether 


Estradiol-l 7^ 

Methanol 

Petroleum other 


Estriol 

Methanol 50%. 

Benzentj 



Water 50^/^, 



Estrone 

Methanol 80^(. 

Benzene 33%. 

0 33 


Wat(‘r 20% 

Petroknim ether 67 


Estriol 

Formamide 

Chloroform 


Estradiol-l 7/3 

Forrnjimid(* 

Benzene 


Estrone 

Formamide 

Monochlorobenz«‘n(‘ 

0.08 

Estradiol-l 7(3 

Formamide 

MonochlorobenzeTK* 

0.25 

Estrone 

Formamide 

Chloroform 

0.89 

Estradiol-17/3 

Formamide 

C'hloroform 

0.05 

Estriol 

Forinamivle 

ChIorof<»rm 

0.05 

Estriol 

Methanol 80% 

fsoo<-tano 25 

0 02 


Water 20 

Toluene 75 


Estradiol-l 7/3 

Methanol 80 ^ 

Ts<K)c1ane 25^ 

0.54 


Water 20 '/o 

Toluene 


Estrone 

Methanol 80%> 

Isooctaiie 25 %• 

0.78 


Water 20^;;, 

Toluene 75%. 


JtJatriol 

Methanol 70"^;. 

Benzene 40 

0 


Waler 30 

Petroleum ether 00' 7 




[Skelly l 


l^stradiol-17j9 

Methanol 70';^> 

Benzene 40 

0.28 


Water 30%. 

Petroleun. elljor 00' ( 




[Skelly C , 


Estrone 

Methanol 70 

Benzene 40 

0.0.5 


Water 30%, 

Petroleum ether 00' ,', 




[Skelly CV^' 


Estriol 

Methanol 55 %' 

Benzene 

0 09 


Water 45% 



Estradiol-l 7 jS 

Methanol 55%, 

Benzene 

0.79 


Water 45% 



Estrone 

Methanol 55% 

Benzene* 

0.88 


Water 15%; 



Note: All percentages are v/v, e g., methanol 7()''v 
tnethanol added to 30 parts \vat<T. 

, water 


le Referenoe 

Axelrod (1953) 
Axelrod (1953) 
Axelrod (1953) 
Axflroil (19-3) 
Mitchell and Davies 
(1954) 

Mitchell and Davies 
(1954) 

Mitchell and Davies 
(1954) 

Sl^i.l]n^\hite and 
Sand berg (1950) 
Daiicis el nl. (1958) 
L<‘vitz ct al. 

( 1956a, b) 

Levitz el al. (1058) 
Brener and Nocke 
(1958) 

Brener and Nocke 
(1958) 

Brener and Nocke 
(1958) 

Brener and Nock<» 
(1958) 

Brener and Nocke? 
(1958) 

MiRCOn el al. (1G5<)) 
MiRcon Pt nl. (1959) 
Mig(*on W nl. (1959) 
MiRcofi el al. (1959) 

MiRenn el nl. (1959) 

MiRcon pf nl. (1959) 

Migeon el al. (1959) 
Migeon et al. (1959) 
Migeon H al. (1959) 

30%, means 70 parts 
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tions, as in column partition chromatography; (c) it is particularly suited 
to rapid qualitative and semiquantitative analysis, although it can of 
course be used for accurate quantitative analysis, especially in combina- 
tion with other chromatographic procedures (AVest et nl, 1958a, b; Levitz 
et ah, 1958) . 

The disadvantages are: (a) large quantities of n)aterial cannot be 
handled, so that phenolic extracts of urine, for instance, cannot in gen- 
eral be chromatographed directly in this way; (b) resolution is fre- 
quently not as good as with column partition systems, a degree of “tail- 
ing" may occur particularly in the presence of significant amounts of 
interfering material; (c) the spots arc usually somewhat irregular in 
shape, and it is therefore often difficult to be certain whether a spot is 
composed of homogeneous material or not; (d) quantitative removal of 
the spot from the paper may present difficulties in some circumstances, 
due to the adsorptive qualities of the paper. 

Adsorption Column Chromatography 

This procedure resembles that of the simph'st form of paper chro- 
matography, described aboA'c. The substances to be chromatograi)hed are 
placed in tojj of a column of a chemically iru'rt adsorbent materiifl, such 
as alumina, or silicic, acid fsilicu gel), containing a certain amount of 
water. An eluent, usually an organic solvent mixture, is then allowed to 
run through the column. Substancesr'jnove on the column at a rate de- 
pending on their relative affinities for the adsorbent material on the one 
hand, and for the eluent on the other. Frequently eluents of varying com- 
position a?’e used sequentially (.‘;ce Table III). 

Adsorption column chromatography has been much used in the esti- 
mation of estrogens in body fluids and tissues. Alumina columns form an 
essential part of the method of Brown (1955) for urinary estrogens, and 
have also been used by Eberlein et al. (1958) in their simplified method 
for urinary estriol. Silica gel columns have been used by Kushinsky et al. 
(1958) , Beer and Gallagher (1955a, b) , Hagopian and Levy (1958) , Sand- 
berg and Slaunwhite (1957), and Levitz et al. (1956a, b). A summary of 
these procedures for separating the three classic estrogens, with the vari- 
ous eluent mixtures employed is given in Table III. 

Advantages of these adsorption systems are: (a) fairly large amounts 
of material can be handled by the columns, thus providing an advantage 
over paper chromatography; (b) preparation of the column is very sim- 
ple, a minimum of apparatus being required. 

However, there are certain disadvantages in this technique. Stand- 
ardization of the alumina, and to a lesser extent of the silica gel, in terms 
of adsorption characteristics is often difficult. One sample may vary 
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greatly from another in this respect. The moisture content is frequently 
critical, a small percentage variation greatly altering the characteristics 
of the adsorbent. Separation of individual substances is much less 
efficient than with paper or column partition chromatographic systems, 

TABLE III 

Adsorption Column Curomatography of Estrogens 
Adsorbent Material and Eluent Systems 


Adsorbent 


.Erit rogen 

matorial 

Eluent 

Hcf(Tenc(' 

K.sl rono 

Silica gel 

Benzene 90*^., ICthyl ac(‘tate 10^;^. 

I.evy (1954) 

EstracJiol-J7/=? 

Silica gel 

Bonz(*ne Ethyl acetate 15^;^ 

Levy (1954) 

EslroTH‘1 

Eslriol / 

Silica g<il 

Increasing concentrations of ethyl 

Beer and < lallagher 


a(*etate in petroleum ether 

(1955a,b) 

Estrone \ 

EsI / 

Silica gel 

Diethyl ether in benzene 

Meyer (1955) 

Eistriol 

Silica g(‘l 

25% laojiropanol in ethyl acetate 

Moyer (1955) 

Estrono 

Florisil 

Increasing concentrations (2.0- 

Slaunwhito and 



7.5C;,) methanol in methylene 

Sandberg (195(>) 

KstTonf‘ 1 

Estradiol- 17/5 / 


chloride 


Silica gel 

methanol in benzene 

LeviU el al. 

()95Ca,b) 

Eetriol 

Silica gel 

4 methanol in benzene 

Levitz et al. 




(1956a, b) 

JCstrioI 

Silica, g(d 

Benzene 50%, Ethyl acetate 

Hagopian and Levy 




(1958) 

EstroiK; i 




Estradiol -17/3 ^ 

Silica gtd 

Increasing concentrations of ethyl 

Kushinsky el al. 

Eslriol j 


acetate in benzene 

(1058) 

Estriol 

Alumina 

"10% Etlianol In benzc'ne 

Plberlein rl al. (1958) 

Estrone 

Alumina 

25% Benzene in petroleum ether 

Brown (1955) 

methyl ether 




Estradiol-17/3 

Alumina 

d0% I3<»nzene in pfitroUnim (‘ther 

Brown (1955) 

methyl ether 




Estriol 

Alumina 

2%' Ethanol in benzene 

Brown (1955) 

methyl ether 




" For significanee of jKTceutages, see note to ''I'ahle 11. 

for instiinco, and tailing may be prominent. It i« A'cry 

difficult to be ccr- 


tain that curves derived from fractions obtained from the column repre- 
sent homogeneous material, since these curves are seldom regular in out- 
line when volume of eluent is plotted against concentration of material. 
Frequently, relatively large volumes of eluent are bulked. Under these 
circumstances it is even more difficult to be certain that the material 
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eluted is homogeneous. Finally it may not always be possible to elute 
substances quantitatively from the column. 

Adsorption chromatography is best employed in estrogen determina- 
tions as a preparatory step, where the ability to handle relatively large 
quantities of material can be used to advantage, to be followed by further 
chromatography or by some other separatory procedure, as in the studies 
of Levitz et al. (1956a, b, 1958), Slaunwhite and Sandberg (1956), and 
Levy (1954). It is doubtful whether adsorption chromatography can be 
used as the sole means for the chromatographic separation of estrogens 
from urinary interfering material, particularly in any circumstance 
where the ratio between interfering material and estrogens is high. 

Ion Exchange Chromatography 

Thcoreticallj' ion exchange chroma tograr)hy should be expected to 
work well in the separation of estrogens but in practice it has not been 
much used, apart from the preliminary purification stop of Engel (1958) 
mentioned in Section IV, D. However, Seki (19.58), in a preliminary com- 
munication, found that estrone, estradiol-17)3, and estriol could in fact be 
separated on specially prepared Amberlite IRC-50 (a carboxylic cation 
exchange resin), elution being carried out with a mixture of ethancfl and 
1 N HCl. The degree of separation does not appear to be as good as that 
obtained with other chromatographic systems, and the difficulty of non- 
specific adsorption onto the resin may pot have been solved. 

4 . Countercurrent Distribution and Column Partition Chromatography 

Although countercurrent distribution is not usually classed as chro- 
matography, these tw'o methods depend on the same jirinciple and can 
conveniently be considered together. 

The principle makes use of the different partition coefficients of single 
substances between immiscible solvent pairs. When a single substance 
is added to a flask containing equal volume.s of two immiscible solvents, 
then, after Cfiuilibration, this substance will be distributed between the 
two solvents in a certain ratio. The ratio of the concentrations in upper 
and lower solvent layers is the partition coefficient. 

This principle of partition can be applied in two different ways, 
countercurrent distribution and column partition chromatography. (It 
should be noted that two-phase paper chromatography is also an appli- 
cation of the partition principle.) 

In countercurrent distribution, sequential partitions between immis- 
cible solvent pairs are carried out in a series of glass tubes. Aliquots of 
the heavier of the two solvents are placed in a series of tubes and con- 
stitute a type of stationary phase. The crude material to be separated is 
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added to the first tube. An aliquot of the lighter of the two solvents 
(which can be regarded as the mobile phase) is added to the first tube, 
and after thorough equilibration, is transferred to the second tube where 
the process is repeated. A fresh aliquot of the lighter solvent is then added 
to the first tube, and the process of transferring the lighter solvent from 
one tube to the next tube after equilibration continues along the series of 
tubes. Countercurrent apparatus with automatic equilibration and trans- 
fer is available. Any number of tubes or “transfers” from 24 to 240 may 
be used depending on the application. Countercurrent distribution has 
been employed in the estimation of estrogens by Engel et al (1950, 1957, 
1958), Diczfalusy et al. (1957), Gallagher et al. (1958), West et al. 
(1958a, b) , and others. Solvent systems used in countercurrent distribu- 
tion of estrogens are given in Table IV. It should be observed that in 

TABLE IV 

( ’(»rNTEIU I RUKXT DlftTKlUrTION OF EsTllOCii-A'S 


Solvent svst^'ms'* 



' 



No. of 


liisi rogon" 

Solvent T 

Solvent II 

tranyf(‘rs 

Beference 

J'Jslronc \ 

Methanol 70^( 

C’firbon tetraehlorhif*. 

99-130 

Engel et at. (1957) 

I0,stradiol-17/:i/ 

Water 30^ f 



Gallagher et al. 





(1958) 

Ksirio] 

Ethanol 50^;, 

l<]thyl acetate 50 

9‘J 

Gallagher et al. 


Water m'c 

( -y elohexane ,50 / a 


(1958) 

I'iStrono 

Ethanol (iO'.’o 

i thyl acetate 

150 

West el nl. (195S 


Water 40% 

Hexane OO^.J, 


a, b) 

Estradiol- l7jS 

Ethanol 60% 

Ethyl acetate 40% 

2(K) 

West el al. (1958 


Water 40% 

Hexane 60' o 


a, b) 

E.‘<triol 

Ethanol b0% 

Ethyl acetate 50 

‘J9f» 

West et al. (1958 


Water 50% 

Hexane 50% 


a, b) 

" Partition 

foelLeients for 

c;y t rune, eytradiol-l 7 /I, 

and estriul in 

1 minu'Toufi solvent 


systems are given by Engel ei al. (1950) and by Bauld and Oeonway (1957). 
'' For significance of j)ercent}iges, see note to Table II. 


countercurrent distribution, the denser of the two solvents is regarded as 
the stationary phase, whereas in paper chromatography and partition 
chromatography the stationary phase is the more polar, or water mis- 
cible, of the two solvents. (In reverse phase column chromatography, the 
opposite is true, the mobile phase being the more polar, or water mis- 
cible.) A description of countercurrent distribution is given by William- 
son and Craig (1947). 

In column partition chroinatograpliy, the stationary phase, which must 





16 


JOHN R. K. PHKKDY 


be miscible with water (e.g., 70^ aqueous methanol) is adsorbed onto 
an inert powder such as kicselguhr (Celitc) which then acts as a scaffold- 
ing for the stationary phase and is called the supporting phase. The sup- 
porting phase together with the stationary phase is packed into a column 
10-20 cm. in length, and a mobile phase (e.g., carbon tetrachloride) is 
allowed to flow through the column. Under these conditions, Celitc has 
virtually no adsoj'bing effect on the material to be chromatographed, and 
substances move in the column at a speed dejrending on their partition 
coefficients between the mobile and stationary jihascs, in the same way 
as in countercurrent distribution. The similarity between this procedure 
and two-phase paper chromatography will again be apparent. 

TABLE V 

Column I’AimTioN CHROMATouKAi’iiy of Estkooens 


Solvent systems" 


Estrogen 

Stationary phase 

Mobile phase 

Bcfcrcncc 

Estrone 

0.8 N NaOH 

Benzene 

Hiuild (1956) » 

Estradiol-17/3 

0.8 N NaOH 

Ethylene diehloride 

Benzene 34% 

Hi.uld (1956) 

Estriol 

O.SiVNaOlI 

Ethylene dit'hloride 

Bauld (1950) 

Estrone 

Methanol 72% 

('arbon tottaehloride 20^ r 

Preedy and AilKon 


Water 28^,'( 

-Hexane 

(1961b) 

Kstradiol-IT^ 

Methanol 72^! o 

( /arbon 1 etraeb loride 15' i 

T’reedy and Aitken 


Water 2SVi 

Chloroform 11.2'^r 
n-Hoxane 73.8^ r 

(1961 b) 

Estradiol- 17/3 

Methanol 72%; 

Carbon letraehlorid<‘ 05' , 

Preedy and Aitken 


Water 28% 

n- Hexane 35' ; 

(1961b) 

Estriol 

Methanol 72%' 

Chloroform 48' i 

Preedy and ,\itketi 


Water 28% 

n- Hexane 52' ^ 

(190 lb) 


Length of columns 10-1.5 cm. 


“ For signifieanee of percentages, see note to Table IT. 


Column partition chromatography has been extensively used in the 
estimation of estrogens of urine and of plasma by Preedy and Aitken 
(1961b) and of urine by Bauld (1956). The use of column partition 
chromatography will be further discussed in Section VIII. A table of 
solvent systems for column partition chromatography used by various 
authors in the estimation of the three classic estrogens is given in Table V. 

The advantages of both countercurrent distribution and column par- 
tition chromatography are considerable. Adsorption is not involved, and 
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the results of partition chromatography for a given substance, using a 
given solvent pair, is mathematically predictable from a consideration 
of known factors, such as partition coefficients, dimensions of column, col- 
umn volume, number of transfers (Bauld and Greenway, 1957) . No pre- 
cise standardization of materials is required. Reasonably large quantities 
of material can be handled. Systems can be selected with very high re- 
solving power, and efficient and reproducible separation of individual sub- 
stances can then be obtained. Single substances are distributed in 
Gaussian curves, when concentration is plotted against volume of eluent . 
This latter constitutes an important method of identification, since if a 
curve is symmetrical and Gaussian in shape, it is likely to be composed 
of homogeneous material. Nonhomogeneity can usually be recognized by 
asymmetry of a curve, and in this way the system can be constantly 
monitored. 

Disadvantages of tlie systems are minor compared with the advan- 
tages. The apparatus required is somewhat more elaborate than that in 
the other forms of chromatography already discussed. The procedure is 
more time consuming, in that multiple fractions must be obtained and 
analyzed. There is some loss of sensitivity compared with paper chro- 
matography, since a substance is distributed over several fractions of 
eluate, rather than appearing as a single spot. 

Compared with column partition chromatography, the advantage's of 
countercurrent distribution are: (a) there is no reasonable limit to the 
amount of material which can be handled; (h) tlie sequential transfers 
may be stopped at any time, and the tubes sampled; (e) the solvent sys- 
tem is entirely stable. The one disadvantage is that a large and expensive 
apparatus is required. Automatic eipiipment is virtually a necessity, to- 
gether with 100 to 250 transfer stages. This limits the number of simul- 
taneous estimations that can be performed. It is doubtful whether trans- 
fers numbering 24 or less are of much value, excej)! where minimal reso- 
lution is required, such as in a preliminary sei)aration procedure, or where 
there is no significant amount of interfering material. 

In column partition chromatography no expensive apparatus is re- 
quired, a column 15 cm. high having the same resolving power as approxi- 
mately 180 countercurrent transfers. C’onspqucntly, several estimations 
may be carried out simultaneously. However, column partition chroma- 
tography has the disadvantage that, although relatively large amounts 
of material can be chromatographed, there is a definite upper limit beyond 
which the column may become unstable. Relatively miscible solvent pairs 
(e.g., water, butanol) cannot usually be employed due to instability in 
the column. However, these are not often practical considerations in the 
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determination of estrogens, and tlie minor limitations of column partition 
chromatography are far outweighed by the great advantages of high re- 
solving power. 

5. Gas Chromatography 

There are two principal fonns of gas chromatography, gas adsorption 
chromatography, and gas partition chromatography. The principles in- 
volved are similar, respectively, to those of adsorption column chromatog- 
raphy and column partition chromatography alijeady described, but in 
each case a gas replaces the liquid as mobile phase, and chromatography 
takes place at a high temperature. 

Although it has been evident for some time that gas chromatography 
might be of great value in the determination of steroid hormones, tech- 
nical difficulties, such as instability of steroids and certain steroid deriva- 
tives at high temperature, had not until recently been overcome. How- 
ever, Wotiz and Martin fl961) have now demonstrated that estrone, 
estradiol -17)3, and cstriol in the form of acetates may be separated with 
great case by gas chromatography. 

The sensitivity of the procedure is currently somewhat less than that 
of sulfuric acid fluorescence, but this can probably be rectified by*a more 
sensitive detection system. 

The great advantage of gas chromatography is the rapidity with 
which good .separation of estrogens can be effected. Using silicone grease 
as stationary phase on a supporting phase of Chromosorb, with helium 
as mobile phase, Wotiz and Martin (1961) were able to achieve separa- 
tion of the three estrogens in 45 minutes, with a resolution comparable 
to that obtained by cohmm partition chromatography after 24 hours. 

The application of this procedure to the estimation of estrogens in 
biological fluids is awaited with interest. 

F. Quantitative Estimation 

Although there are many methods for the detection and quantitative 
estimation of estrogens, none of them have been shown to be sufficiently 
specific for the quantitative estimation of estrogens in biological fluids 
without extensive preliminary purification and separation of the estro- 
gens from interfering material. Consequently, the specificity of a com- 
plete method for estrogen determination will in general depend not on 
the final detection procedure employed but on the efficiency of previous 
steps taken to eliminate interfering material. 

Although the various detection procedures share a lack of specificity, 
there is a considerable difference in sensitivity. Certain procedures are 
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irlativoly hisonsitivo and will not be discussed. These include \jltraviolet 
light adsorption in the 280-in/i region, and polarography (for estrone), 
('ertain non.specifie color reagents have been used to detect and e-stiniate 
estrogens in association with i)aper chromatography. Turnbull's blue 
[equal quantities of 1% .solutions of P'o('ly and of KaFc (('Ng) ] has 
]>roved particularly u.seful (Dancis el al.. 1958; Dao, 1957; Meyer, 1955). 
Otliei' r(!agents used are diaz()tize<l sulfanilic acid (Wall and Migeon, 
1959), and Folin and ( ■iocalteau’s reagent for phenols (Mitchell and 
Davies, 19541. list of color reactions for estrogens are given by Axel- 
rod (1953) and Shoppee (1958). 

Detection procedures for estrogens in current use fall into the follow- 
ing groujis: colorimetric, fluorimetric, and (mzymatic. 

/. Colorltiietrir 

Of the colorimetric reactions, the Kober reaction is best known 
(Brown, 1955; Bauld, 1956; Diczfalu.sy and Linkvui.st, 1956). Many mod- 
ifications lam* been suggest(‘<l, and that of Bauld (1954) has been the 
luost used. This moditication of the Kober reaction was incorporated into 
Brown’s method for I'stimatiitg urinary estrogens (Brown, 1955). The 
reaction is performed as follows: (he color-producing reagent for estriol 
is 2^0 (piinol in 7(V/( (v/v) HoSO,i; for estrone, 2^/o (juinol in 669e H2SO4; 
for estradiol- 17/1, 2'/< (juinol in 659e H2SD4. Three milliliters of the ap- 
propriate reagent is added to the dried material, which is then heated in 
a boiling water bath for 20 minutes and cooled. Depending on the e.stro- 
geu, 0.2 to 1 .0 ml, water is julded and after shaking the solution is again 
heated in the boiling water tiath for a further 10 minutes. The intensity 
of the color ])roduced is meastircfl at 430, 516, and 552 ni/x. 

A considerable degree of specifn a,y has been claimed for the Kober 
reaction at vaiious times. Although it has been of great value in detecting 
the newer estrogens in late (iregnancy uilnc (Marrian and Bauld, 1955; 
Marrian ct al., 1957; Layne and Marrian, 19581, it is, in common with 
the other procedures, not of sufficient si)ecificity to ju.stify its use for the 
estimation of estrogens in the presence of significant interfering material 
without efficient ])roliminary .separ.ati-Hi from such material. It is to be 
noted in Brown’s method (Brown, 1955), that even after preliminary 
extraction and adsorption chromatography, a considerable spcctrophoto- 
metric correction has to be applied (the “Allen’’ correction: Allen, 1950), 
indicating that much interfering color may be j)rodaced during the Kober 
reaction. The correction (in terms of units of density) may be several 
times greater than the estrogen reading in low-titer urines (Brown et al., 
1957a; Ittrioh, 1958). Although more sensitive than some procedures 
(e.g., ultraviolet absorption), the Kober reaction is much less sensitive 
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than sulfuric acid fluorimetry, for instance, and can only with difficulty 
be applied to the measurement of the low concentrations of estrogens 
which exist in plasma. 

A further modification of the Kober reaction has been proposed by 
Ittrich (1958). The Kober color is extracted into chloroform containing 
2% p-nitrophenol and 1^ ethanol. The color is measured by absorption 
at 518-538 m^, and an amount as low as 0.2 jug. estrogen in 2.5 ml. can 
be measured. A high degree of specificity is claimed, and evidence for 
its superiority over existing Kober modifications is given. 

Of greater interest is the fact that the “Kobiir material” fluoresces 
under these circumstances, and sensitivity comparable to that of the 
sulfuric acid fluorescence procedures (see following section) can then be 
obtained (Ittrich, 1958) . The fluorimetric application of the Ittrich reac- 
tion appears to be a valuable addition to tlie methods for the detection 
of estrogens. 

2. Fluorimetric 

Estrogens fluoresce strongly when heated witli phosphoric or sulfuric 
acids. Phosphoric acid fluorescence has been recommended by Finkel- 
stein (1952), who claims that although this procedure is loss sensitive 
than sulfuric acid fluorescence, it is also less subject to interference. This 
method has not found general acceptance. 

Sulfuric acid fluorescence, on tbe^ other hand, has been extensively 
used. It was first introduced by Jailer (1948) , and modified by Bates and 
Cohen (1950a, b). The conditions recommended by Bates and Cohen 
(1950a) have been adopted by Engel et al. (1950), and Preedy and Aitkcn 
(1961a, b). Optimal spectrophotometric conditions for the measurement 
of various estrogens by sulfuric acid fluorescence have been investigated 
by Slaunwhite et al. (1953), Goldzieher (1953), Aitkcn and Preedy 
(1953), and Bauld et al. (1960). 

Optimal conditions for estimating urinary estrogens by sulfuric acid 
fluorescence, following column partition chromatography, are given by 
Preedy and Aitkcn (1961a, b). According to the recommendations of 
the latter authors, the estrogen-containing material is dissolved in a 
0.1-ml. benzene-ctlianol mixture (19 parts benzene-1 part 95% ethanol), 
0.2 ml. 90% (v/v) sulfuric acid is added, and the mixture heated at 80° 
for 10 minutes. After cooling, 1.4 ml. 65% (v/v) sulfuric acid is added, 
and the mixture is allowed to stand for 1 hour. These conditions corre- 
spond to those recommended by Engel et al. (1950). Fluorimetry is then 
carried out, using the 405- and 436-m/t Hg lines as exciting light, but 
excluding the 350-jii(ei'tuie’. -^d readine the fluorescence emission at 
490 ran. 
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The sulfuric acid method is distinguished by extreme sensitivity. By 
using the recommended optical conditions and reagents, the amount of 
each of the three classic estrogens which can be estimated is limited 
chiefly by the fluorescence of the reagent blank. The blank should have 
a fluorescence intensity equivalent to less than 0.001 fig. estrone. There- 
fore, if an estrogen fluorescence intensity equal to five times the blank 
reading is acceptable, then 0.005 fig. estrone can be estimated with ease 
and accuracy. 

On the other hand, sulfuric acid fluorescence is not particularly spe- 
cific for estrogens, and, in common with the other procedures mentioned, 
efficient preliminary separation of estrogens from interfering material is 
essential. 

S. Enzymatic. 

Entirely different methods for the estimation of various steroid hor- 
mones, including estrogens, has been described by Talalay and Marcus 
(1956) and Ilurlock and Talalay (1957, 1958). These methods depend 
on the interconversion of certain hydroxy- and ketosteroids by DPN 
(diphosphopyridine nucleotide) -linked hydroxysteroid dehydrogenases, 
obtained from the organism Pseudomonas testosteroni. Two hydroxy 
steroid dehydrogenases have been prepared in sufficient purity to be used 
in the estimation of urinary steroids (Ilurlock and Talalay, 1958). The 
two enzymes are designated and “a.” The ^-enzyme acts on hydroxyl 
groups in positions 3j3 and 17j8, and can therefore be used to measure 
estrone, estradiol-17^, and estriol. 

The enzymes have very high specificity for these particular groupings 
on the steroid molecule, and consequently this method of estrogen detec- 
tion is more specific than the methods previously discussed. The enzymes 
can in fact be used to determine the purity of steroid samples. However, 
the enzyme cannot distinguish between the three classic estrogens, or 
between estrogens and other steroids having hydroxyl groups in the same 
positions. Consequently, standard extraction and chromatographic pro- 
cedures still have to be employed (Ilurlock and Talalay, 1958). 

Currently, the sensitivity of the method is limited by the photometric 
determination of DPNH (dihydrodiphosphopyridinc nucleotide), and 
lower limits of steroid which can be determined are approximately 0.3 fig. 
This is not adequate for biological samples of low estrogen content, such 
as plasma. However, the use of fluorimetry for the determination of 
DPNH would probably overcome this objection (Lowry et al., 1956). 
There is apparently no great interference from urinary chromogens in the 
photometric determination of DPNH, under the conditions described. - 

A' sensitive technique for the estimation of estrone and estradiol- 17j8, 



22 


JOHN B. K. PBEEDY 


using DPH-depcnrlcnt isocitric deliydrogcnase obtained from human pla- 
centas, has been suggested by Gordon and Villcc (1956). A very high 
degree of specificity has been claimed by the authors. 


V. The Use of Isotopes 

Although in the jiast, radioactive halogens have been incorporat'd into 
the estrogen molecule in order to study estrogen metabolism, the mole- 
cule was thereby considerably altered, and the results obtained could 
only be regarded as of limited value. 

With the advent of readily available C*'* and 1 1®, it proved practicable 
to synthesize these isotopes into the estrogen molecule, in place of inert 
atoms normally present. The resulting isotopically labeled estrogen could 
then be assumed to behave identically with the inert substance. Both 
estrone and estradiol-17y8 are available with either or H'* incorporated 
into rings A or B which are relatively stable positions. Radioacti^'e e.«triol 
is not currently available commercially. 

Tritium-labeled estrogens have the advantage over their C ‘‘-labeled 
counterparts in that the specific activity is much higher. Tritium-lShcled 
estrone and estradiol-lT/S are available with specific activities up to 7.0 
/iC. per microgram, compared with G'^-labeled estrogens of only 0.05 
fiC. per microgram. With the appropriate instrumentation (windowless 
gas flow counter or scintillation counter), as little as 0.5 m^c. of tritium 
can be detected. This confers a particular advantage on the use of the 
Il''’-labcled steroids. 

The use of radioactive estrogens has pia)ved of the greatest value both 
in the estimation of inert estrogens and in the- study of the metabolism 
of estrogens. However, certain precautions have to be observed. For in- 
stance, a high degree of radiochemical purity of the radioactive estrogen 
sample is essential. It is known that steroids of high specific activity 
undergo self-radiation decomposition, especially when stored in the dry 
state, and that estrogens, whether inert or radioactive, undergo decom- 
position in dilute solution in various solvents. Furthermore, it is entirely 
possible that an original radioactive estrogen samide may not be homo- 
geneous. It cannot therefore be assumed that the requisite degree of ra- 
diocheitxical purity exists at any given time, although this is more likely 
to be so in recently synthesized material. Consequently, it is essential 
that the sample be subjeetc«l to a separation procedure (such as paper 
or partition chromatography) shortly before use to ascertain the extent 
to which the radioactive estrogc'n is in fact homogeneous, and to obtain 
a homogeneous sample. 
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adioactivc estrogens can ho employed as follows in the chcnucal es- 
timation of estrogens: Identification of curves following column partition 
chromatography ; estimation of losses tluring hydrolysis, extraction, and 
otlu'v manipulations; isotoi)c dilution; and reverse isotope dilution. 

A. Ii)entifu;atio.\ or ('xkvks i'oi.lowino Coh mx 
Partition C hrom atoouachy 

If an inert (nonradioactivo) estrogen and its radioactive isomer are 
chromatographed together on a partition column, a tyjiical Gaussian 
cui*vc is obtained which can he outlinetl both by radioactive measure- 
ment and by measurement of the inert estrogen. After appropriate ad- 
justments of scale, the curves obtained by each method must, superimpose. 
This method of outlining estrogen curves by two independent types of 
measurement is of considerable value in identifying these curves. For 
example, additional curves of unknown comiiosition lying adjacent to 
estrogen curve.s are frequently met with in the chromatogra])hy of ab- 
normal urinary extracts, and occasionally of normal urine extracts. If 
pun* radioactive estrogens are add(*d to the extract before chromatog- 
raphy, the .supoiimposition of a “radioactive” curve on an “inert” curve 
will then jirovide, important evidence of the identity of the inert cur\’e, 
.since adjacent interfering curves will not be ,so outlined. This jirocedure 
has been u.sed by Preedy and Aitken (19611)). Kadioactive estrogens can, 
of course, bo similarly used with the other forms of chromatography. 

The iiarticular value of nsing tritiated estingens is that no allowance 
need be made for the fluorc.sci'iice of the ( radioactive) estrogim added, 
since the small amounts used to give convenient count rates do not alter 
the fluorescence measurements significantly. Tlie further use of isotopes 
in the identification of e.-«trogens is discu.ss(‘d in Section VI. 

II. Estimation of Losses m uiNC. Hydrolysis, Extraction. 

AND Other ]MANii>rL.vr'ioNs 

Since radioactive, estrogens behaAC in the same way as the natu- 
rally occurring inert estrogens, radioactive estrogens may be added 
to an original sample of urine or plasma to determine losses during liy- 
drolysis, extraction, and chromatography. If a known number of counts 
(as an authentic estrogen) are added, then the number of counts (as au- 
thentic estrogen) found after chromatographic separation divided by the 
number of counts originally added, wdll give the proportion of the estro- 
gen lost during processing. 

This procedure, how(wer, ha.'^ certain limitations. Except in rare in- 
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stances where only unconjugated estrogens are being determined, the ad- 
dition of radioactive unconjugated estrogen before hydrolysis will not 
necessarily give an accurate estimate of any loss which occurs when inert 
conjugated estrogens are hydrolyzed. Although the addition of radio- 
active estrogens after hydrolysis would give an accurate estimation of 
losses occurring during further processing, it is doubtful whether their use 
is justified in every estrogen determination, particularly in normal urines 
or late pregnancy plasma samples, since the order of loss occurring dur- 
ing such determinations is already known (Brown, 1955; Preedy and 
Aitken, 1961b). 


C. Isotope Dilution 

The technique of isotope dilution (and of reverse isotope dilution) 
has provided a valuable addition to steroid methodology, and has been 
successfully applied to estrogen determinations. 

The method of estimating an inert estrogen by isotope dilution de- 
pends firstly on the addition of a known number of counts of an au- 
thentic radioactive estrogen to a sample containing the inert estrogen; 
and secondly, on cstabli.shing a ratio in a sample aliquot betweefi con- 
centration of the inert estrogen on the one hand and counts on the other. 
From this the amount of inert estrogen present in the original samj)le 
can be calculated by proportion. To establish such a ratio it is clear that 
neither the radioactivity measurement nor the inert estrogen estimation 
can be subject to significant interference. The estrogen (radioactive and 
inert) has to be separated efficiently from interfering material by extrac- 
tion and chromatographic procedures as already described, or by some 
other procedure. Isotope dilution techniques cannot therefore be expected 
to provide any short cut to estrogen estimations. 

In isotope dilution, the ratio between inert and radioactive estrogens 
is usually established either by countercurrent distribution or column 
partition chromatography. The superimposed radioactive and inert estro- 
gen curves are drawn out, and the average ratio between the inert es- 
trogen and counts in the “peak” tubes is taken. It is usually assumed 
that in the peak tubes (that is, the fractions at the top of the estrogen 
curves) radiochemical purity is adequate. But it is clear that for this to 
be true very efficient chromatographic separation must be obtained. This 
procedure has been used by Gallagher et al. (1958), and Preedy and 
Aitken (1961b). The value of isotope dilution lies in the fact that, since 
it depends on the ratio of inert to radioactive estrogen, extraction and 
transfer losses do not affect the estimation. 
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D. Reverse Isotope Dilution 

In contrast to isotope dilution, reverse isotope dilution is designed 
to measure radioactive substances. Similar principles are involved. In 
a typical application, radioactive estrogen is administered to a human 
or an animal, and urine or jjlasma is collected for analysis of the radio- 
active metabolites. Hydrolysis and extraction procedures are carried out 
by methods already described, and at an appropriate stage a relatively 
large known amount of an authentic inert estrogen is added. The mixture 
then undergoes partition chromatography, and the estrogens are sepa- 
rated. The estrogen fraction then consists of a small amount of radio- 
active estrogen and a large amount of inert estrogen. Peak tube analysis 
is carried out as already described, or radiochemical purity established 
by repeated crystallization until the specific activity of the crystalline 
material remains constant. If repeated crystallization is to be carried out, 
about 50 rag. of inert estrogen is added. Peak tube analysis on the other 
hand requires the addition of only enough to ensure a convenient excess 
of estrogen in comparison with any interfering material present. In either 
case, a ratio between inert and radioactive estrogen is established. The 
amount of radioactive estrogen present in the original sample can be 
determined by proportion, since the amount of inert material added is 
known. Reverse isotope dilution has been used in the estimation of radio- 
active estrogens by Beer and Gallagher (1955a, b), Gallagher et al. 
(1958), and Levitz et al. (1956a, b), chiefly in studies of the metabolism 
of radioactive estrogens. 


VI. Further Idmlifiication Procedures 

The procedures for separation and detection of estrogens so far de- 
scribed are in varying degree open to the objection that the identity of 
the estrogens has not been definitely established. 

Although absolute identification of estrogens is difficult to achieve, it 
is possible to employ a series of additional identification procedures, so 
that the authenticity of an “estrogen” becomes progressively more firmly 
established. The physicochemical characteristics of the unknown sub- 
stance arc compared with those of a known estrogen standard, and if 
these are found to be the same by a varying number of tests, the unknown 
and the standard are for practical' purposes considered identical. These 
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additional identification procedures have so far been used for particular 
applications only. Althougli many arc time consuming or require special 
apparatus, it has become clear that at least some additional identifica- 
tion procedures should be used more frequently particularly in estab- 
lishing the validity of new methods for estimating estrogens, and also 
in any new application of an established method. 

There are a numbc'r of identification procedures which can be used, 
separately or (piefcrably) together. Several of the most important have 
already been discussed in the previous section on, isotopes: superimpo- 
sition of radioactive and inert estrogen curves obtained by partition 
chromatography, isotope dilution, reverse isotoi)e dilution, and repeated 
crystallization to constant specific activity. 

Other proced\ires which arc used are: multiple chromatography; 
formation and chromatography of deri vales; infrared spectroscopy; 
bioassay of isolated material. 

/. Multiple Chromalography 

There are scA'cral ways in which multiple cliromatography can be 
used, with or without (he addition of radioatdive estrogens. A single 
type of chromatography may be used (e.g., paper chromatograTihy) , 
w'ith tw'o different successive solvent systems. Crude material is chro- 
matographed using oiK' solvent system, .separated material is eluted from 
an apf)ropriate area of the jjaper anti chromatograidied .again, using a 
second solvent .‘<y,stem, com])arison on each occasion being made with 
a standard. 

Alternatively, two or more type.s of chromatography can be used. 
For example, after i)reliminary separation on an adsorption column, 
material from an aiipro[)riate fraction of eluent is chromatographed on 
pa{)er (Meyer, Ifio,'); Slaunwhite and Sandberg, 1956). Or, adsorjffion 
column chromatcjgraphy may be follow'ed by countercurrent separation 
(I>evitz (’/ al., 1956a, b), or countercurrent separation may be followed 
by paper chromatogra[)hy (W(^st et al., 1958a, b). In each case, com- 
l)arison i.s macle with an authentic estrogen standard. 

A further luocedure is particularly applicable to column partition 
chromatogra])hy. Crude material is chromatographed on one partition 
column. Fractions constituting the “estrogen*' cur\’cs are collected and 
the chromatography repeated, using the same solvent system. By this 
means the major proportion of interfering material is removed before 
the second chromatography. 

This method has been used by Preedy and Aitken (1961b) and Preedy 
et al. (1959). It is of great value in establishing the identity of estrogens 
in low'-l.iter urine or in the other extracts, where the ratio of estrogen 
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to interfering luatt'rial i.s inirtieularly unfavorable. Extract from a 
relatively large voltinie of urine (e.g., 25% by volume of a 24-bour 
sample) is chromatographed in a large, or preparatorj', partition column, 
capable of handling bulky extracts. The chromatographic j)o.sition of the 
estrogen ])eaks is established by tin; fluorimetrj' of a small aliquot of 
each fraction. The appropriate fractions are then bulked and dried. 
Authentic tritiated estrogens iire a«lded, and the material chromato- 
graphed again on another partition column, u.sing the .same solvent sys- 
tem. Since most of tlu' inlerh'ring material has been removed, con- 
veniently large and well-separated estrog<’n curve's are obtained, which 
can be outlined both by radioactive measurement and by sulfuric, acid 
fluorescence. Although th(' same solvent .‘system is used in both columns, 
the interfering malcjial adjacent to <'acli curve' is fust much reduced 
in amount, and is then n'elistributed in a (Jaussian curve by (l\e second 
chromatography, thus enabling the ine rt e'stroge'ii iw'jek te) be more clearly 
defined. 

An example eef the cliromatograjihy of ;i low-tite'r urine e'xtrae't by 
routine single e-hromalography, and by elouble chromate)griij)hy using 
raelie)ae!th'e estrogens, is given in Tig. 2. 

3. Formation and ChroinotoQraphij of Derivatimm 

The elerivatives of e.-tre)g('ns mewt comnmnly used in identificatie)n 
of the jiarent steroiel are monol>e'n7,e)atos (Gallagher ct al., 1958; Levitz 
( / ul, J956a, b), 3-me'thyl e'the'rs (Brown, 1955; Diczfalusy iind Linkvuist, 
1956; Diczfalusy ef al., 1957; Feigel cf al., 1958), acetates (West ct al, 
1958a, b), thiejse'micarbazone', anel eicctatc and eliacetiite of 3-methyl 
I'thers (Diczfalusy anel Linkvuist, 1956). In preictice', the; untrcate?el ma- 
terial is first chremiatograithed, and iks chromatogr:ii)hic charae'teristics 
are compared with the ai)!iropriu(e estrogen. A elerivativc is then formed, 
and the material chromateigraphe'el again, using a elifferent solvent sys- 
tem, comparisons beeing maele with the authentic inirc estrogen eleriva- 
tivc. Either i)apcr chromate)gruphy or partitiem e'hreamitography can be 
used for the puri)ose, provieleel the systou is of sutfie'ii nt resolving power. 
When countercurrent .sci)aratie)n is employed it is advisable to use at 
least 72 transfers. It is doubtful whether fewer tiansfers can reliably 
separate nonradioactivc estrogen derivatives from interfering material 
with an approximately similar partition coefficient. 

Isotopes arc conveniently us(!d in conjunction with the formation 
and chromatography of derivatives. The parent radioactive eslrogen 
is added to an extract, which is then chromatographecl, the radioactive 
and inert estrogen curves superimp'osing. A derivative is then formed' 
and chromatographed. Superimpo.sing radioactive and inert estrogen 
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Fic. 2. Above, column piirtition chromatography of esirone and of ('striol from a 
phenolic extract of female urine by the routine method of I’recdjf and Aitken 
(1961b). The volume of the eluate in 1-ml. fractions is plotted ag.a,inst fluorescence 
intensity. Below, the same urine extract subjected to double column partition 
chromatography as described in the text. It will be seen that virtually all inter- 
fering material has thereby been removedf Note the difference In the fluorescence 
intensity scale. In the lower estrone record, authentic tritiated estrone was added 
before chromatography. The o.stronc peak is outlined both fluorometrically (open 
circles) and by counts (black circles). 

derivative curves arc uKiiiu obtained, the cliromalogrupliic characleristics 
of which correspond with those of the authentic derivative. Alternatively, 
when an inert derivative has been formed by appropriate treatment of an 
extract, the authentic radioactive derivative may then be added, and 
the mixture chromatographed. Inert and radioactive estrogen derivative 
curves will again superimpose. In the estimation of radioactive estrogens 
(as in metabolic experiments), a relatively large amount of authentic 
inert estrogen can be added to the extract and chromatographed in the 
usual way. Thereafter, a derivative can again be formed. 

S. Infrared Spectroscopy 

Infrared spectroscopy is the most recent addition to methods used 
for establishing the identity of steroids. In common with many other 
substances, estrogens absorb light in the infrared region. Absorption at 
some wavelengths is due to specific groupings on the molecule. In the 
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“fingerprint” region, the absorption pattern tends to be characteristic 
of each individual steroid. Consequently, this region is particularly 
useful for identification purposes. Infrared spectroscopy has not been 
used extensively in the identification of estrogens, mainly because only 
very small amounts of estrogen are usually available from natural 
sources. However, modern infrared spectrometers are available with 
attachments designed for very small samples, such as beam condensing 
units, and KBr discs in which the unknown or standard can be incor- 
porated. It is claimed that under ideal circumstances, useful infrared 
spectra can be obtained with 5 to 10 fig. samples. This appears to be 
so, from the experience of Oertel ef. al. (1959), using very small amounts 
of estrogen isolated from pregnancy plasma. 

Wliere larger amounts of estrogen are available, such as in tissue 
analysis, estrogen infrared spectra have been more easily obtained 
(Hagopian and Levy, 1958; Diczfalusy and Magnusson, 1958). Under 
these circumstances, infrared spectroscopy constitutes a convenient and 
important method of identification. 

Infrared spectrophotometers require a considerable degree of technical 
knowledge for their use and particularly for the interpretation of the 
spectra themselves. It should not bo assumed that, because an infrared 
spectrum has been obtained and shows some similarity with that of pure 
standard, identity has been nccps.sarily c.stablished. It is not advisable 
to use infrared spcctroscoi)y as the sole criterion of identity. 

4- Bioassay of Isolated Material 

Since the three classic estrogens, as well as at least some of the 
newly discovered estrogens can be bioassayed, this can be used as an 
important method of identifying estrogenic material obtained by chemi- 
cal procedures. However, biological assay of estrogens can be extremely 
laborious, if maximal reliable information is to be obtained. About 
20 fig. each of estrone, cstradiol-17)8, and estriol must be obtained from 
the biological material in an adequate degree of purity. This is both 
difficult and time consuming if the material processed contains very 
little estrogen, as for instance, normal male urine. Since a statistically 
analyzablc qiiantitative assay is required, and since estrogen assays arc 
quantal, a 4-point design is used with 15-20 animals for each point, 
the activity of the unknowji .substance being directly compared with 
that of the appropriate estrogen standard. Under these conditions 
demonstration that an unknown estrogen has the same qualitative and 
quantitative biological activity as a known estrogen is very strong 
evidence of its identity. Such bioas'says have been carried out for Preedy 
and Aitken (1961b) by Dr. John A. Loraine of Edinburgh on normal 
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male and female urines, as part of the procedures for validating the 
estrogen method of tlie foniier authors. In their studies, the material 
composing the actual chromatographic estrogen curves was subjected to 
bioassay. 

licss elaborate bioassay jirocedun's liave been used for the same 
purpose by West ct ul. (lOJiSa, b). It is probably even of some advantage 
to use “spot tests” of biological activity. Altliougli of little quantitative 
value, these tests do at lea.st show that the material under study is 
estrogenically active. 

Bioassay clearly cannot conveniently be useil to establish the identity 
of estrogens in multijile determinations, but it has particular value in 
jiroviding important evidence for the specificity of chemical methods for 
estrogen estimation, or in provi<ling additional evidence of tlu' identity of 
estrogens isolated during a single study (AWst cl ciL, 1958a, b). 


VII. The Kstimalion of Conjugates 

It has been known for many years that estrogens exist in the urine 
principally as conjug.ates tS. L. Cohen cf <il.. 1936). and it has b(;^'u as- 
sumed therefore that estrogen conjugates also ()xisl in the blood. This 
has recently been confirnu'd by the work of Sandberg and Slaunwhite 
(1957), Purdy ct nl. (1959), and Migeon cl al. (1959). It apiiears that 
conjugation with sulfuric or glyeuronie acid is an (‘ssential metabolic 
procGvSS, rendering the estrogens virtually inactiv(' and relatively water 
soluble. The latter jiroperty may be nece.s,s!iry before renal excretion of 
estrogen metabolites can take jdace. 

The direct estimation of estrogen conjugate's is therefore of con- 
siderable interc'st. but until recently progress in Ibis field has been 
minimal, duo in great pait to the alxsenco of pure standard conjut^aC'^ 
for to, sting the various procedures recommended. Methods used in the 
l>ast have been in g('neral somewhat crude and indirect and based on 
insufficient evi<lencc regarding their validity. 

However, jirogress has recently been ]>iade in finding more accurate 
methods for the estimation of conjugates. These, and some older methods, 
can be con.sidered under the following headings: solvent partition; dif- 
ferential hydrolysis; chromatographic separation; and quantitative esti- 
mation. 


A. SoiA'ENT Partition 


Preliminaiy partition between an aqueous phase and a high-polarity 
organic solvent such as diethyl ether (I)iczfalusy and Ijink\'uist, 1956; 
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Diczfalusy and Maguusson, 1958), or chloroform (Migeon ct al, 1959) 
has been employed. In these partitions, it is assumed tliat “free” or 
unconjuguted estrogens arc extracted by the organic solvent, while 
conjugates remain in the aqueous phase. Tlic former assumption is 
generally true, although it should be noted that Menini and Diczfalusy 
(1960) wei’c unable to remove estriol quantitatively from the avpieous 
phase with chloroform. However, it is by no means certain that the 
conjugates remain quantitatively in the aqueous phase. For instance, 
W. H. Fishman and Sie (1956) were able to remove testosterone 
glucosiduronate from aqueous solution (jilT 1.0) by ethyl acetate. 
Diczfalusy et al. (1957) did however obtain reasonably good recoveries 
of sodium estriol glucosiduronate added to various biological fluids using 
their procedure. 

Alternatively, estrogen conjngab's may bo extracted from an aqueous 
phase by ?)-butanol (Schneider and Lewbart. 1959; Crepy ct ah, 1957; 
Venning e( ah, 1937; Dancis et al., 1958). There is no genera! agreement 
on the optimal pll of the aqueous jdiase, but an acid pll has usually 
been employed. Butanol extracts of urine are invariably bttlky. Infor- 
mation that this i)roeedure i.s (luantilative is again lacking. 

B. DjKFEKEN'n.vL IIydroeysis 

This has been iiartially di.scussed in Section IV, B. When conjugates 
have been separated fjom unconjugated steroids by one of the above 
solvent ]iartitions, acid hydrolysis of the conjugates can then be carried 
out. 'Hie resulting “free” sl'^roul can be measured, and from this an 
indirect estiinate of conjugated steroid in the original sam])le obtainofl. 
This method has be<'n used by Dic"falusy (1954) and Diczfalusy and 
Magnusson (1958). 

ITic conjugates can be divided into sulfates and glucosiduronal.es by 
differential chemical or difl'erential enzymatic hydrolysis. This was 
briefly discussed in Section IV', B. Certain chemical procedures appear to 
cause hydrolysis of sulfab's only. These include treatment with 1,4-di- 
oxane (C'ohen and Oneson, 19531, or continuous extraction of an aciuoous 
sample at pil 1.0 with ether (Burstein and Liebt'rman, 1958) or ethyl 
acetate. It appears from the work of the latter authors that continuous 
extraction is not necessary, hand extracting and allowing the solvent to 
stand for 24 hours at 38° being all that is required. 01ucosiduronate.s are 
probably not affected by these procedures. 

After hydrolysis and removal of the sulfates, the remaining aqueous 
material can be refluxed with strong, acid as des<aibcd in Section IV, B, 
the glucosiduronates (and presumably other conjugated material) being 
hydrolyzed by this method. 
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Enzymatic hydrolysis has been much used to differentiate gluco- 
siduronates from sulfates. The ^-glucuronidase preparation Ketodasc 
and the phenolsulfatase preparation Mylase P, already referred to, arc 
claimed to be free of sulfatase and ^-glucuronidase contamination, 
respectively. An aqueous sample is incubated with one enzyme, followed 
by ether extraction of the free steroid, then incubation of the aqueous 
phase is repeated with the other enzyme, and a further ether extraction 
is carried out. Estimates of sulfates and glucosiduronates can then be 
obtained from analysis of the free steroid relea^sed by each form of 
hydrolysis. A combination of /3-glucuronidase hydrolysis for glucosiduron- 
ates, followed by continuous ether extraction at pH 1.0 for sulfates, 
has been used by Slaunwhitc and Sandberg (1956), West et at (1958a, b) , 
and Migeon et al. (1959). 

These various procedures for estimating estrogen glucosiduronates 
and sulfates separately have yielded some useful information, but the 
methods are still somewhat crude. The differential procedures have not 
been fully tested out with pure conjugates. It is noteworthy that, after 
injection of radioactive estrogen into humans, and after both enzyme 
and acid hydrolysis of the urine, with extraction of the resulting free 
steroids, counts still remain in the aqueous phase, suggesting that even 
these procedures may not result in complete hydrolysis of tlie urinary 
estrogen conjugates (Beer and Gallagher, 1955a) . 

4 

C. ClIBOMATOGBAPIIlC SEPARATION 

Since the development of interest in the direct estimation of estrogen 
conjugates, attention has been given to their chromatographic separation, 
and a beginning has been made in devising suitable solvent systems. 

Bush (1957) has pointed out that steroid conjugates are hardly more 
difficult to chromatograph than the parent steroids. The relative positions 
of the conjugates in chromatographic systems ajipcar to be the same as 
in the case of the steroids themselves. This author has employed the 
solvent systems (or variants) given in Table VI in the chromatography 
of steroid conjugates in general either on paper or on Celite columns. 
These have proved useful iu the separation of estrogen conjugates 
(Menini and Diczfalusy, 1960) . 

General observations on the fractionation and isolation of steroid 
conjugates have been made by Schneider and Lewbart (1959). Many of 
these observations apply to estrogen conjugates. Glucosiduronates behave 
usually as true weak acids, sulfates on the other hand tend to behave 
like weak bases, suggesting that partition systems using, respectively, 
aqueous alkaline or acid solutions as one phase may be useful. This was 
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Stationary phase Mobile phase 


2 N NH 4 OH M-Butanol (or methyl etliyl ketone or ethylene di- 

cliloride) — 3 parts, tert-butanol — 1 part 

30% (v/v) Aqueous acetic acid Toluene — 75-S5 parts, tert-butanol — 25-15 parts 

30% (v/v) Aqueous acetic ac-id Ethylene dichloridc — 75-90 parts, tert-butanol — 

25-10 parts 


• From Bush (1957). 

found in general to be the case with adrcnocorticoid conjugates, and 
in particular with androsterone and dehydroepiandrosterone conjugates. 
Solvent systems containing various mixtures of ethyl acetate, butanol, 
isopropyl ether, butyl ether, toluene, and hexane on the one hand, and 
10% aqueous NH4OH or 20% aqueous acetic acid on the other are 
recommended and can be used for paper or column partition chroma- 
tography. Those observations indicate general lines along which further 
study of appropriate solvent systems for estrogens can be conducted. 

Information on actual partition systems suitable for specific estrogen 
conjugates is sparse. Diczfalusy et al. (1957) used an ether: water sys- 
tem for the countercurrent distribution of sodium estriol glucosiduronate. 
Preedy et al. (1960) found that a system of 35% butanol-65% n-hexane 
mobile phase), and 1% aq'ieous acetic acid (stationaiy phase) gave 
good separation of sodium estriol glucosiduronate using a Celite column 
(length 10 cm.). Partition coefficients and Rf values for estriol glu- 
cosiduronate in many solvent systems is given by Mcnini and Diczfalusy 
(19G0). Estrone sulfate can be chromatographed on paper using 10% 
aqueous NH4OH as the stationary phase, and n-butanol 50%-toIuene 
50% as the mobile phase (Levitz et al, 1960). 

One of the chief difficulties lies in the picparation of crude material 
for chromatography. Conjugates are usually extracted from an aqueous 
.solution by n-butanol, but this procedure results in such a bulky extract 
when applied to urine, for instance, that subsequent direct paper or 
column partition chromatography is rendered impossible. Most efforts 
at preliminary purification of urinary conjugates have not proved suc- 
cessful. It is imfortunate that sample variations in the ion exchange 
resin Decolorite have made the use of this agent uncertain (Bush and 
Gale, 1957). 

However, the use of absorption column chromatography seems 
promising, since these columns can frequently handle bulky extracts. 
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Crej)y et al. (19/57) applied butanol extracts of urine to alumina columns, 
and eluted the columns successively with butanol containing 2, 6, and 
10% water and finally 15% 0.1 N NH4OH. Sulfate esters were eluted by 
6% water in butanol and glucosiduronati.'s by IS^t 0.1 N NH4OH in 
butanol. The conjugates appeared to be adequately separated not only 
from one another, but also from much as.sociated material. Such a 
column would appear to bo a valuable preliminaiy stop before the defini- 
tive chromatography of individual conjugates. 

D. Quantitative E.sti.mation 

Methods are available for the microdetermination of both sulfates 
and glucosiduvonates. A method for estimaling .sulfate ions by rhodizonic 
acid lias been ajiplied to stcuoid sulfati's by Schneider and Lewbart 
(1956). The naphtharesorcinol reaction has been used liy Fishman and 
Cireen (1955) to measure steroid gluco.sidui()na(es. Both tliese melliods 
are colorimetric. It is doubtful whether either arc suiriciently sensitive 
for general use in the measurement of estrogen conjugates in biological 
fluids. The naphthoresorcinol rnethofl can measure down to 2 /Ag. of 
glucosiduronate and the rhodizonic acid mdliod down to 5 /jg. of steroid 
sulfate. 

Fortunately, it seems that conjugation does not in genend interfere 
with the usual methods for determinfition of the parent steroid (Schnei- 
der and Li'wbart, 1959). Crepy ei al. (1957) were able to ajiply a 
modified Kober reaction to niea.sure estrogen conjugate, s, and Preedy 
ct al. (I960) observed that both estradiol- 17/i and estriol glucosiduronates 
could be estimated directly by the usual sulfuric acid fluorescence pro- 
cedure for the parent steroids (Preedy and Aitken, 1961b). This was 
also tiTie of estrom; sulfate. The great degree of sensitivity associated 
with sulfuric acid fluorescence is retained, the siTisitivity coiujiaring with 
that of the determination of the jiarent steroid. Presumably, the combined 
use of methods to detect both the parent steroid and the conjugating acid 
radical would have considerable' value in the identification of sjiecific 
steroid conjugates. 


VIII. The Kslitnalion of Estrogens in Urine 

There are two possible apfiroaches to methods for estimating the 
three classic estrogens, estrone, e.stradiol-17/i, and estriol, in urine and 
in other body fluids. 

First, a method may be requircfl for multiple or routini' analyses. 
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Sucli a method should ideally combine simplicity with a high degree 
of sensitivity and specificity. Although procedures of adequate sensitivity 
are available, the simplicity of a method is usually inversely proportional 
to its specificity. It will be observed from the previous discussion that 
cv'en an adequate degree of specificity is not easily achieved. Conse- 
quently, a compromise has to be reached, a method being chosen which is 
as specific as possible, but at the same time not unduly elaborate. 

Second, a method may be required for the analysis of only a few 
samples, but with the object of virtually certain identification of the 
three estrogens. Under these circumstances, it is desirable and practical 
to use much more elaborate methods in order to establish the ])resence 
and identity of the estrogens without reasonable doubt. 

Examples of both types of method will be discussed. It will be evident 
that the separate procedures embodied in the various metthods will al- 
ready have been d(‘scribed to some degree in previous sections. 

A. Methods for Rovtin'e Analysis 

There arc; thrc’e principal coni’plele methods for the estimation of 
urinary estrone, estr!uliol-17y8, and estriol, which have been adequately 
tested and assessed. Thc'se ai’e the metliods of Brown (1955), Bauld 
(lOofil, and Preedy and Aitken (19()la, b). 

The metliod for urinary ('stinuition which is best known is that of 
Brown (1955). Tliis method has the distinction of being the first 
jmblislied proccalure sensitive and specific enough to measure estrone, 
e.stradiol-17/i, and c^striol ici menstrual cycle urine. It involves acid hy- 
drolysis, a double hand-extraction sequence (see Section IV, Ct, for- 
mation of the 3-methyl ethers of the three estrogens, followed by 
chromatography of these ethers in two alumina adsorption columns, and 
finally detection of the ethers by the Kober reaction, using the Allen 
spectrophotometric correction (sec Section IV, F). The whole method 
has been exten.sivclj" analyzed (Brown et al., 1957a; Bulbrook et a(., 
19.57; Oallagher et al. 1958), and much u.sed (l)iczfalusy et al., 1957, 
19.59; Diczfalusy and Magmisson, 1958; Breuer et al., 1957; Stpa et al., 
1958; and othens). Several authors have recommended modifications 
(e.g., Diczfalusy et al., 1957). .\n additional purification step is now 
incorporated in the method (Brown et al., 1957b). 

As ap{)lied to urine, this method has certain disadvantages, in respect 
to specificity and sensitivity, which are inherent in the procedures it 
incorporates. Thus, the adsorption chromatographic system is not of 
great resolving power as compared with other systems (Section IV, E) , 
aiul much interfering material may he included in the rather large 
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fractions of eluent collected and bulked. This creates particular dif- 
ficulties in urines of low estrogen content. Furthermore, the alumina 
colmnns appear to be somewhat difficult to manage, a small variation in 
moisture content altering their performance considerably. 

The Kober reaction measures much of the interfering material 
which is eluted from the alumina columns, and this has to be compensated 
for by the Allen correction. This correction relies on certain assumptions 
which may not be justified in every case, and, furthermore, the cor- 
rection may be of a very high order compared with the “estrogen” 
reading (Ittrich, 1958). This may result in a falsely high estrogen 
value in certain circumstances (Diczfalusy et ah, 1958). In addition, the 
Kober reaction is much less sensitive than certain other methods for 
estrogen detection (Section IV, F). 

The sensitivity of Brown’s method is such that it can be used down 
to 5 fig, of each estrogen per 24-hour urine sample. Although it has been 
used at levels below this, the lo.ss of specificity is such as to throw 
considerable doubt in the validity of the method under these circum- 
stances (Brown et al., 1957a). Many normal male and female urines 
contain much less than 5 /ig. of each estrogen per 24 hours. 

On the other hand, it is simpler and less laborious than th? other 
established methods for the estimation of the three estrogens in urine, 
and is particularly well suited to the analysis of large numbers of 
specimens. Its use has contributed Vjsry considerably to our knowledge 
of estrogen metabolism in the last few years. 

The method of Bauld (1956) involves acid hydrolysis, a double ex- 
traction procedure similar to that of Brown (1955), and chromatography 
on two Celite partition columns (one for estrone and e.stradiol-17)8, one 
for estriol), followed by the Kober reaction, with the Allen correction. 
It differs significantly from the modified Brown method (Brown et al., 
1957a) only in the absence of mcthylation of the estrogens and in the 
type of chromatograj)hy used. The method has been used by the author 
(Bauld et al., 1956) with success. It is satisfactory for measurement of 
each estrogen at levels higher than 3 ju,g./24-hour urine (Bauld and 
Greenway, 1957). 

The method of chromatography used by Bauld does not appear to 
yield the high resolution to be expected of column partition chroma- 
tography in general. (The procedure is described in detail by Bauld, 
1955.) This is perhaps due to the calcining of the Celite supporting 
phase before use, the relatively large diameter (1 cm.) of the columns 
used, and the large volumes of eluent collected and bulked. These large 
fractions undoubtedly contain much interfering material, which is only 
partly removed by the next step of boiling with NaOH. The whole 
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method is rather more elaborate than that of Brown (1955). The dis- 
advantages of the Kober reactions have already been mentioned. 

A short method for the estimation of cstriol only was published by 
Eberlein et al. (1958), which is in effect a simplified version of Bauld’s 
method, involves enzymatic hydrolysis and adsorption column chro- 
matography (alumina), followed by sulfuric acid fluorescence. Bauld 
and Greenway (1957) have also described a simplified method for the 
estimation of estrone. 

The method of Preedy and Aitkcn (1961b) depends on acid (or en- 
zyme) hydrolysis, a single hand-extraction sequence, partition column 
chromatography (using a single column), and detection of the estrogens 
directly by sulfuric acid fluorescence. This method has been much used 
by the authors over a period of years (Preedy and Aitken, 1955, 1957; 
Aitken et al,, 1958; Aitken and Preedy, 1958; Saffan ei al., 1960; C. H. 
Brown et al., 1960) . 

The advantages of this method lie principally in tlie high resolving 
power and versatility of the particular chromatographic procedure em- 
ployed. A single Celite column of about 0.5 cm. diameter is used, with 
72% aqueous methanol as the stationary phase. Three successive mobile 
phases are employed, the changes being made in stepwise fashion by 
an automatic phase changer. A total of 75 to 80 ml. mobile phase 
is allowed to run through the column, and the cluate is collected in 
1.0-ml fractions. The compositions of the successive mobile phases 
are as follows; first, 20% carbon tetrachlorjde-80% n-hexane; sec- 
ond, 15% carbon tetrach!orido-11.2% chloroform-73.8% n-hexane; 
third, 48% chloroforra-52% hexane (all per cents are v/v). The com- 
position and volunje of each mobile phase is designed so that estrone, 
cstradiol-17)8, and estriol are w'idcly separated not only from one another 
but also from the large amounts of interfering material present in the 
urinary extract. 

A diagram of the column, with an attached syphon calibrated to 
deliver 1.0 ml. and the automatic phase changer, is given in Fig. 3, 
together with a brief indication of the mode of action of the phase 
changer. 

Each 1.0-ml. fraction is analyzed for estrogen content by fluorimetry, 
and the fluorescence intensity is plotted against the volume of eluent 
(or the fraction number). Such a chromatograph of a normal female 
urine is shown in Fig. 4. Although this method involves fluorimetry of 
75 to 80 samples for each urinary estimation, the work can be reduced 
by suitable automation. 

The high resolving power of this chromatographic system has certain 
great advantages as regards specificity. As described in Section IV, E, 
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Fio. 3. Piirlition oolunin, siphon, and’ aulomalic iiiobiU' t>hu!jc fhangor used by 
Proody and Aitken nOClb). The aulomjilic mobile j)has(' chanBor eonnects directly 
with the column. The idiaso chanacr is o.sscnt.ially u U-shaped reservoir, the two 
limbs of which contain two difleri'iit .solvents. The mixture of sohimts delivered 
successively (o the column by gravity depends on the relative inienial diameters of 
the tubes A, B, and C. 

in coluinn partition chromatography single substances such as estrogens 
are distributed as Gaussian curves, when concentration is plotted 
against volume of eluent (Fig. 4). Small fractions of eluate are obtained 
so that each estrogen curve is composed of 4 to 6 points, and can there- 
fore be drawn with reasonable accuracy. Individual estrogens can then 
be identified by (a) the presence of a curve in a position on the chro- 
matogram corresponding with that occui)ied by the pure crystalline 
estrogen when similarly chromatographed, and (b) the i)resence of a 
Gaussian curve in this position. In this way, the identity of the estrogen 
curves can be monitored at each estimation. 

This is of considerable value, since if these criteria arc not met 
(e.g., in the case of an abnormal urine, or in urines of very low estro- 
gen content), if there is doubt about the identity of a curve, or if an 
“estrogen” curve is found to be asymmetrical, then the situation is im- 
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VOLUME OF ELUENT (ml) 

4. Column partition ohromatograpliy of the phenolic oxtraet of a normal 
female urine (lltli day of the menstrual cycle). The volume of the eliiatc (in 1-mI. 
fractions) is plot It'd against fluorescence intensity. The estrone, estradiol-lTja, and 
t'striol curves are labeled. Unlabeled curves are due to interfei-ing inalerial of un- 
known composition. Tracer amounts of authentic tritiated estrone, estradiol-1 7/i^, 
and cstriol were added to the extract before chromatography. Tlie (*strono and 
esiriol curves are outlined by fluorimotry (open circles) and by counts? (})lack cir- 
cles), after approi)riato adjustments of scale. Counts in fractions other than those 
comi)<)sing the estrogen curves were negligible. The omonnt of (nonradioactivo) 
estradioMT^ ]»rosent in this extract was Ixdow the minimum dt'tection limits of the 
method (1.0 /oig. i)er 24-hour urine), no recognizable Gaussian curve Ixdng obtained 
hy fliiorimelry (Pieedy and Aitken, UlClb). The amounts of estrogen in the urine 
sample w’en' as follows (/ig p(‘r 24-hoiir uiiu(‘) : estrone 11.3, estradiol-17^ < 1.0, 
('stnol 3.7. 


mediately apparent and further steps can then be taken to establish tlie 
identity of the estrogen more firmly. On the other hand, if large fractions 
of eluatc are collected it will not be possible in the first place to con- 
struct an accurate chromatogram, no warning will be given of an ab- 
nonnal situation, and much interfering material may be unknowingly 
measured as estrogen, resulting in an overestimate which may be con- 
siderable. 

Methods for the further identification of estrogens have been de- 
scribed in Section VI. Those most conveniently employed after the 
routine column partition chromatography described above arc repetition 
of the routine chromatography, after the addition of authentic tritiated 
estrogens, or the use of the double chromatography procedure with 
tritiated estrogens. This latter procedure is of particular value in those 
urines with low estrogen levels and large <(uantities of interfering ma- 
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terial. One or the other of these two procedures usually provides suf- 
ficient evidence of the identity of estrogens in urinary extracts. Further 
identification procedures (as described in Section VI) are in general re- 
quired only for particular purposes. 

The advantages of the method of Preedy and Aitken (1961a, b) are 
principally those of specificity, incorporated in a procedure which is 
nevertheless designed for the routine determination of urinary estrogens. 
In spite of the fact that each estrogen is divided between 4 to 6 
fractions of eluate, sensitivity is actually higher than in the other two 
methods. The routine single chromatographic procedure can measure 
down to 1.0 jug. estrone, 1.8 fi^. estradiol-17/5, and 3.0 ng. estriol per 
24-hour sample, without significant loss of specificity, that is, with 
recognizable Gaussian curves on the chromatogram. With the double 
chromatographic system (Preedy et al. 1959), levels down to 0.2 ng. of 
each estrogen per 24-hour urine, or even lower can be estimated with 
an actual gain in specificity over the routine procedure, as judged by 
the chromatographic curves obtained. (This system is described in Sec- 
tion VI.) 

The disadvantages of the method of Preedy and Aitken (1961a, b) 
are that the chromatographic procedure takes 36 hours to ^complete, 
and 75-80 fiuorescent determinations have to be carried out for each 
urinary sample. However, it is felt that the gain in specificity amply 
compensates for these disadvantages and it will be recalled from Section 
III that specificity is the most difficult of the criteria to achieve. The 
method therefore might be regarded as standing halfway between the 
simpler and less specific methods of Brown (1955) and of Bauld (19.56) 
and the elaborate procedures designed to establish the identity of urinary 
estrogens mentioned next. 

B. Methods Designed Primarily to Identify Urinary Estrogens 

Elaborate procedures have been used to establish clearly the identity 
of estrone, estradiol-17/8, and estriol in urines, usually as part of meta- 
bolic experiments in which relatively few samples of urine were in- 
volved. These procedures require a great deal of work, and cannot there- 
fore be used for routine urinary estimations. However, they are of the 
utmost value in providing definite evidence of pathways of estrogen 
metabolism, and have been employed to a great extent in studies in- 
volving the administration of radioactive estrogens to normal humans 
(Beer and Gallagher, 1955a, b; Sandberg and Slaunwhite, 1957; Migeon 
et al., 1959) and in the study of estrogen metabolism in various disease 
states (West et al., 1958a, b) . Each study consists of an elaborate com- 
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bination of the procedures described in Sections IV, V, and VI, using 
various types of chromatography in sequence, formation and chro- 
matography of derivatives, isotope and reverse isotope dilution, repeated 
crystallization to constant specific activity, biological assay of isolated 
estrogens, infrared analysis, etc. 

The design of sequential procedures to establish the identity of estro- 
gens without reasonable doubt depends on the particular application, and 
for details reference should be made to the various texts cited. 


IX. The Estimation of Estrogens in Blood, Tissues and Bile 

A. Plasma 

To date only two methods have been used extensively for the 
determination of plasma estrogen levels, the method of Preedy and 
Aitkcn (1961a, b) and a modification of the Brown (1955) method for 
urine, used by Diczfalusy and Linkvuist (1956), and Diczfalusy and 
Magnusson (1958). 

The method of Preedy and Aitken (1961b) for plasma estrogens is 
similar to the method of these authors for urinary estrogens. It has 
also been used in metabolic studies by these authors for some years 
(Preedy and Aitkcn, 1957; Aitken et al., 1958; Saffan et nl., 1960). 

The method for urine has been fully discussed in the previous 
section, and many of the observations apply also to the procedure for 
plasma. The minor differences in processing are given in the published 
description (Preedy and Aitken, 1961b) . In general, the method has been 
found quite satisfactory and of the requisite sensitivity for small samples 
(5-“10 ml.) of fetal and maternal plasma estrogens in late pregnancy. 
Th(Te is much less interfering material than in urine, and consequently 
levels down to 0.05 /xg. of estrone and estradiol-17/S, and down to 0.1 jxg. 
c'striol/100 ml. plasma, can be estimated without loss of specificity. 
The method cannot be used for plasma estrogens determination in 
normal males or females, or before the second to third trimester of 
pregnancy, since in these circumstances estrogen levels appear to be be- 
low the minimum detection levels quoted above. Recoveries of estrogens 
added to plasma are similar to those for urine. The chromatogram from 
a normal late pregnancy plasma sample, before and after the addition of 
estrogens, is shown in Fig. 5. 

A modification of Brown’s urinary method used by Diczfalusy and 
Linkvuist (1956), and Diczfalusy and Magnusson (1958) appears satis- 
factory for the measurement of plasma estrogens, where relatively large 
volumes can be used. Because of the small amount of interfering mate- 



42 


JOnX R. K. PHEEDY 


LATE PREGNANCY PLASMA (9ml.) 



volume of eluent (ml) 


Fig. 5. Upper record, partition column clironiatoKiaphy of the plienolif*, extract 
of a late pregnancy plasma .saini[)ie (Preedy and Aitken, 1961b). Curves due to 
estrone, estradiol-17)3, and (istriol are lalxdcd, the amounts of estrogen ropi-eseiiicd 
by each curve being given in paronlhese.s. Other curves are due to interfering mate- 
rial. Lower record, chromatography of an identical aliquot of the same plasma ex- 
tract-, to which crystalline estrone, estruliol-17/3, and cstriol had been added, showing 
a symmetrical increase in size of tlie three estrogen curves. 


rial, large volumes of pooled plasma can be used to compensate 
for the lower sensitivity of the Kober colorimeter procedure. The 
method may not be of sufficient sensitivity to be used directly on the 
small plasma samples obtainable from a mother or a fetus (or infant) 
in vivo. However, in the hands of Diczfalusy and his co-workers, this 
method has yielded valuable information regarding fetal estrogen me- 
tabolism when used in combination with the further identification pro- 
cedures described by them. 
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Elegant methods for studying radioactive estrogen metabolites in 
blood following the injection of cstrone-C^^ and estradiol-C^* have been 
devised by Sandberg and Slaunwhitc (1957), Wall and Migeon (1959), 
and Migeon et al. (1959). The somewhat elaborate procedures uscil to 
establish the identity of the estrogenvs in their studies have been dis- 
cussed in previous sections. 

Isolation of estrone, cstradioI-17/8, and estriol fi-om late pregnancy 
plasma has been carried out by Oertel ct al. (1959), using two counter- 
current separations (160-200 transfers) and two paper chromatographies. 
These procedures were designed to obtain the three estrogens in suf- 
ficiently pure form to enable infrared spectroscopy to be carried out. 
They come under the same luiading as similar elaborate procedures for 
urine, discussed in Section VIII, 2. 

The difiiculties posed by the ]>rescnce of the ])lasma proteins in plasma 
estrogen determinations will be discussed at the end of this section. 

B. Tissues, Red Cells, Bile, and Other Material 

The concemtrations of the various estrogens in tissues, red cells, bile, 
meconium, and at other sites, is of great importance in studying the 
metabolism of estrogens. In general, the methods used by various authors 
have already been discussed, either as comidete methods, or in Section 
IV dealing with general procedure.s. Consequently, only specific points 
in methodology will be mentioned. 

Estrogen concentrations in placental tissue have been determined by 
Mitchell and Davies (1954) and by Diczfalusy and Linkvuist (1956). 
In ciifh case the placental tissue was ground up and extracted w'ith large 
volumes of ethanol, the drivtl extract then being submitted to paper 
chromatography and sulfuric acid fluorescence in the first-mentioned 
study, and to adsorption chromatogrHi)hy and the Kober reaction in 
the second. Diczfalusy and Magnuss<,n (1958) further e.®timated estro- 
gens in fetal adrenals, kidney, and liver, using similar methods. 

The concentration ot estrogens in red cells has been examined by Wall 
and Migeon (1959), Migeon ci al. (1959), and Bandberg and Slaunwhitc 
(1957). In each case the cells were lysed and extracted with large 
amounts of ethanol. The extract was 'hen submitted to various isolation 
procedures already discussed. Goldzieher et al. (1959) used Delsal’s 
reagent (a mixture of methylal and methanol) for removing estrogens 
from red cell protein. Estrogens can only be removed quantitatively 
from protein with some difficulty, and Delsal’s reagent appears to be 
the beat solvent fui this purpose. 

Bile e.strogens have been e.'^tiiiiated by Sandberg and Slaunwhitc 
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(1957) and by Adlercreutz, Diczfalusy, and Engstrom (1960). Esti- 
mations on meconium or fecal estrogens in the newborn have been carried 
out by Francis and Kinsella (1955), and by Diczfalusy et al. (1959). 
Estrogens in amniotic fluid and human semen have been studied by 
Diczfalusy and Magnusson (1958), and Diczfalusy (1954). In each 
case, the procedures used have already been discussed. 


X. The Problem of Protein Binding 

The subject of protein binding of estrogens is of , particular interest 
from the point of view of estrogen metabolism and transport, and 
several attempts have been made to study it. From a methodological 
point of view, there are two particular problems: the first, to devise 
adequate methods for studying the extent and nature of protein binding, 
and the second, to make sure protein binding is overcome when attempts 
are being made to estimate the total estrogen content of blood or tissues. 

It seems virtually certain that some degree of protein binding of both 
estrogens and their conjugates occurs, particularly to plasma protein 
(Boettiger, 1946; Eik-Nes et al., 1954; Slaunwhitc and Sandberg, 1958). 
To what extent estrogens are bound to tissue proteins is not known, but a 
particularly tough protein-bound metabolite of estradiol- 17^8 seems to 
be formed by rat liver homogenates (Riegel and Mueller, 1954). 

Methods for studying protein bindipg of estrogens (as indeed of 
other steroids) are far from precise, and the extent to which these 
methods introduce artifacts into the experiments is unknown. As would 
be expected in these circum.stances, results and conclusions tend to be 
variable. For instance, Diczfalusy and Magnusson (1958) found no 
ai)parent protein binding of estrogens in tissue or blood samples from the 
human fetus, in contradistinction to the findings of Diczfalusy (1953). 
The subject of the binding of steroid and steroid conjugates to human 
plasma protein has been reviewed by Sandberg et al. (1957). 

The procedure most used for estimating bound and unbound estro- 
gens has been the extraction of the protein-containing material with 
large volumes of ethanol or acetone. It is then assumed that the 
supernatant contains estrogens that were originally unbound to protein 
and the protein precipitate contains estrogens that were originally bound. 
However, there is every possibility that the addition of ethanol to the 
protein-containing fluid may significantly alter any protein binding 
that previously existed, either by releasing steroids from the protein 
bond or by binding stemid to the denatured protein. 
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When complete release of estrogens from protein binding is required, 
prior to estimation of total plasma estrogens, for instance, procedures 
that denature the protein as completely as possible seem to be the most 
effective. These include hydrolysis with strong acid under the conditions 
mentioned in Section IV, B (Preedy and Aitken, 1961b; Oertel et al, 
1959) or by digestion in hot 0.1 N NaOH (Sandberg et al, 1957) . These 
procedures certainly release some estrogens from the protein bond, but 
there is as yet no definite proof that either of these procedures are 
reliably quantitative. It appears that Delsal’s reagent, which has already 
been mentioned, has advantages over ethanol or ether for extracting 
estrogens from the protein residues after such treatment (Goldziehcr 
et al., 1959). 


XI. The Estimation of the Newer Estrogens 

The rapidly increasing number of newly discovered estrogens has 
already been referred to in Section I. Methods for estimating these 
estrogens (as opposed to isolating them) in various body fluids and tissues 
have in general not yet been worked out. For the methods of isolation, 
the reader is referred to the original reports mentioned in Section I. 

Although many of the general procedures described in Section IV 
are applicable to the estimation of the newer estrogens, there are ex- 
ceptions. Many of the newer estrogens are rendered unstable by boiling 
with hot acid, and this method of hydrolysis often cannot be used. 
Enzymatic hydrolysis is then the method of choice. Furthermore, many 
new estrogens are either partially insoluble (e.g., 2-mothoxyestrone) , or 
undergo rearrangement (e.g., 16^-hydroxestrone) in aqueous alkali. Con- 
sequently, the usual phenolic partition step, using NaOH and an organic 
solvent s\ich as toluene, cannot be used in these circumstances. 16-Epi- 
estriol is a notable exception. It appears to be stable under both 
conditions. 

Chromatography of various types has played a most important part 
in the isolation of the newer estrogens, and will presumably prove 
essential in methods for the routine estimation of these estrogens when 
such become available. A short summary of chromatographic procedures 
with appropriate solvent systems for these estrogens appear in Table 
VII. Other chromatographic systems are contained in the original reports 
of the isolation of these estrogens from natural sources. 

Methods for the quantitative estimation of the newer estrogens are sim- 
ilar to those used for the three classic estrogens, estrone, estradiol-17)8, and 
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(1957) and by Adlercreutz, Diczfalusy, and Engstrom (1960). Esti- 
mations on meconium or fecal estrogens in the newborn have been carried 
out by Francis and Kinsella (1955), and by Diczfalusy et al. (1959). 
Estrogens in amniotic fluid and human semen have been studied by 
Diczfalusy and Magnusson (1958), and Diczfalusy (1954). In each 
case, the procedures used have already been discussed. 


X. The Problem of Protein Binding 

The subject of protein binding of estrogens is of. particular interest 
from the point of view of estrogen metabolism and transport, and 
several attempts have been made to study it. From a methodological 
point of view, there are two particular problems: the first, to devise 
adequate methods for studying the extent and nature of protein binding, 
and the second, to make sure protein binding is overcome when attempts 
are being made to estimate the total estrogen content of blood or tissues. 

It seems virtually certain that some degree of protein binding of both 
estrogens and their conjugates occurs, particularly to plasma protein 
(Boettiger, 1946; Eik-Nos et al., 1954; Slaunwhite and Sandberg, 1958). 
To what extent estrogens are bound to tissue proteins is not known, bq^ a 
particularly tough protein-bound metabolite of estradiol-17j8 seems to 
be formed by rat liver homogenates (Riegel and Mueller, 1954). 

Methods for studying protein bindipg of estrogens (as indeed of 
other steroids) are far from precise, and the extent to which these 
methods introduce artifacts into the experiments is unknown. As would 
be expected in these circumstances, results and conclusions tend to be 
variable. For instance, Diczfalusy and Magnusson (1958) found no 
apparent protein binding of estrogens in tissue or blood samples from the 
human fetus, in contradistinction to the findings of Diczfalusy (1953). 
The subject of the binding of steroid and steroid conjugates to human 
plasma protein has been reviewed by Sandberg et al. (1957). 

The procedure most used for estimating bound and unbound estro- 
gens has been the extraction of the protein-containing material with 
large volumes of ethanol or acetone. It is then assumed that the 
supernatant contains estrogens that were originally unbound to protein 
and the protein precipitate contains e.«!trogens that were originally bound. 
However, there is every possibility that the addition of ethanol to the 
protein-containing fluid may significantly alter any protein binding 
that previously existed, either by releasing steroids from the protein 
bond or by binding steroid to the denatured protein. 
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When complete release of estrogens from protein binding is required, 
prior to estimation of total plasma estrogens, for instance, procedures 
that denature the protein as completely as possible seem to be the most 
effective. These include hydrolysis with strong acid under the conditions 
mentioned in Section IV, B (Preedy and Aitken, 1961b; Oertel et at, 
1959) or by digestion in hot 0.1 N NaOIl (Sandberg et at, 1957) . These 
procedures certainly release some estrogens from the protein bond, but 
there is as yet no definite proof that either of these procedures are 
reliably quantitative. It appears that Delsal’s reagent, which has already 
been mentioned, has advantages over ethanol or ether for extracting 
estrogens from the protein residues after such treatment (Goldzieher 
et at, 1959). 


XI. The Estimation of the Newer Estrogens 

The rapidly increasing number of newly discovered estrogens has 
already been referred to in Section I, Methods for estimating these 
estrogens (as opposed to isolating them) in various body fluids and tissues 
have in general not yet been worked out. For the methods of isolation, 
the reader is referred to the original reports mentioned in Section I. 

Although many of the general procedures described in Section IV 
are apjjlicable to the estimation of the newer estrogens, there are ex- 
ceptions. Many of the newer estrogens are rendered unstable by boiling 
with hot acid, and this method of hydrolysis often cannot be used. 
Enzymatic hydrolysis is then the method of choice. Furthermore, many 
new estrogens are either partially insoluble (e.g., 2-methoxyestrone) , or 
undergo rearrangement (e.g., IfiyS-hydroxestronc) in aqueous alkali. Con- 
sequently, the usual phenolic partition step, using NaOH and an organic 
solvent such as toluene, cannot be used in these circumstances. 16-Epi- 
estriol is a notable exception. It appears to be stable under both 
conditions. 

Chromatography of various types has played a most important part 
in the isolation of the newer estrogens, and will presumably prove 
essential in methods for the routine estimation of these estrogens when 
such become available. A short summary- of chromatographic procedures 
with appropriate solvent systems for tliese estrogens appear in Table 
VII. Other chromatographic systems are contained in the original reports 
of the isolation of these estrogens from natural sources. 

Methods for the quantitative estimation of the newer estrogens are sim- 
ilar to those used for the three classic estrogens, estrone, estradiol-17j8, and 
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TABLE VII 

PaI’ER f.'HROMATtUiRAPHY OF NbWER EsTUOOBNS 


Solvent Systems® 



Stationary 

phase 

Mobile phase 

valu(^ 

]{efereij(re 

Ifi-Epiestriol 

Methanol 80^ 0 
Water 20% 

Isooetane 25% 
Toluene 75% 

0.155 

Migeon et al. (1059) 

lO-Oxocfitradiol-l 7^ 

Methanol 8()^/^ 
Water 20% 

laooijtane 25% 
Toluene 75% 

o.;hi 

Migeon et al. (1950) 

1(»-K|)iostriol 

Methanol 70^% 
Wa(<T 

Benzene 40% 
Petroleum 
ether 50' ;, 
(Skolly Cj 

0.018 

Migeon ef al. (1950) 

1 (i-( )xooKt radio!- 1 7 

Methanol 70S. 
Water 

Benzene 40%i 
Petroleum 
(»ther 50' i 
[Skelly CJ 

0.084 

Migeon et al. (1059) 

l()-Kpioslriol 

Methanol 55^^ 
Water 45 

Benzene 

0.4;i8 

Migeon ef al. (1050) 

1 G-( )xocslTa<iiol- 17/3 

Methanol 55' ;; 
Water 45' t 

Benzene 

0.540 

Migeon el al. (1050) 

J (>tt-llydro\v<‘str<)n(‘ 

Forinamid(* 

Monoehloro- 

benzenc 

0.05 

Breuer and Xoek^ 
(1058) 

Uia- Hydroxy (\Mt roiH' 

Form/unide 

Chloroform 

O.-H 

Breuer and Noeke 
(1058) 

1 G-( )xo(\stradi( >1-17/3 

Fornunnide. 

Chlorofornrt 

0.55 

BreiHM* and Noeke 
(1058) 

l(>-Epi(*strioI 

Korina in id(* 

Chloroform 

0.10 

Br(»u(‘r and Noek(‘ 
(1058) 


“ For siRnificanc!** of percentages, see iioU* to Table II. 

osfcriol. It apj^cars tliat all the newly discovered e.strogons give rise to a 
Kober ehroniogen, although with some (e.g., 2-niethoxyestroiie') the ehro- 
inogen may have an adsorption maximum different from that of the othei' 
estrogens. Sulfuric acid fluorescence may also be used. The fluorescence 
and absorption spectra of some of the newer estrogens in response to 
various wavelengths of exciting light has been studied by Bauld et nl. 
(1960). Estrone, estradiol-17)8, and the epimeric estriols develop fluo- 
rescence maxima in the region of 480 ra/x; 16-oxoestradiol-17/S, 16tt-hy- 
droxyestrone, and 16-oxocstrone at longer wavelengths (518-628 ni/t), 
and 2-inethoxyestrone at 579 m^u,. Ojitimal conditions for obtaining 
sulfuric acid fluorescence with the newer estrogens have also been de- 
scribed by those authors. 
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Xll. Discussion 

The application of newer physicochemical procedures to the sepa- 
ration of estrogens from interfering material has enabled complete 
methods for the determination of the small amounts of these hormones 
in biological fluids to be worked out. 

Studies have in general proceeded along two lines. There are first, 
the simi)lcr methods for routine use, designed principally for the de- 
termination of estrogens in urine and in i)lasma, and second, the more 
elaborate methods, designed to establish without reasonable doubt the 
presence and identity of various estrogens in small numbers of biological 
samples. Method.« for both these purposes are now available, and their 
use has already added considerably to our knowledge of estrogen 
metabolism. 

However, many problems in estrogen methodology remain to be 
solved. The most important are: the problem of interfering material, 
and therefore of specificit5% when estrogens arc measured in low-titer 
urine; tlu; uncertainty of methods for studying the distribution of estro- 
gens belweon conjugated and unconjugated forms; the lack of methods 
for tlu‘ direct estimation of conjugates; the uncertainty of methods for 
studying the nature and e.xtent of protein binding of conjugated as well 
as of unconjugated estrogens; the lack of methods for estimating many 
of th(' newer estrogens. The existence of these* problems was referred to 
earlier in the ehai)ter; they are common to the determination of many 
sl.t'roid hormones in biological fluids. 

In sjute of these difficulties, much valuable information regarding 
estrogen metabolism remains to be accumulated with the methods 
available at present. It is important, however, that the limitations of 
these methods should be clearly appreciated. An attempt to describe 
these methods and to define their limitations has been made in this 
chapter. 
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1. Introduction 

A. General Statement 

The chemical determination of 17-ketosteroids in urine has been 
practiced extensively since Zimmermann (1935) reported that the 
— CO — CHa — group of the steroid gives a reddish-purple color when re- 
acted with m-dinitrobenzene in alkaline solution. The maximum absorp- 
tion of the pigment is at 520 m/u when the ketone group involves carbon 
17. Ketonic groups located at other positions in the steroid molecule 
give less intense pigment on a molar basis and there, is a shift in the 
absorption maxima. The determination of n-ketostcrdids has been ex- 
tended to plasma and considerable effort has been made to devise methods 
for the individual components. To evaluate the significance of 17-keto- 
steroid determinations, however, a consideration of the origin of these 
substances is required. 

The principal urinary 17-kctosteroids are androsterone, etiocholano- 
lone, dehydroepiandrosterone, ll-ketoandrosterone, 11-ketoetiocholano- 
loiie, llj8-hydroxyandrosterone, and ll;8-hydroxyctiocholanolone, which 
comprise about 90% or more of the total 17-ketosteroids. These sub- 
stances, with the exception of dehydroepiandrosterone, originate from 
various tissue precursors and the analysis of any single constitmjpt 
represents no single precursor. Androsterone and etiocholanolone originate 
primarily from three Cj 9 steroids, testosterone, androst-4-ene-3,17-dione, 
and dehydroepiandrosterone, and in the normal individual occur in 
roughly equal amounts. These two reduced steroids may also be formed 
from 17a-hydroxyprogesterone and 11-dcoxy cortisol and these precursors 
form primarily etiocholanolone. The analysis of androsterone and eti- 
ocholanolone, no matter how reliably performed, cannot give a precise 
indication of any individual precursor. This situation also pertains to 
the ll-oxygenated 17-kotostcroids, since these four steroids arise from 
both cortisol and llj8-hydroxyandrost-4-enc-3,17-dione. The former 
steroid is converted primarily to the 11-oxygcnatcd derivatives of etio- 
cholanolone, while the latter compound is metabolized predominantly to 
the 11-oxygenatcd derivatives of androsterone. Dehydroepiandrosterone 
appears to indicate the endogenous production of this steroid and comes 
principally from the adrenal gland. 

On the basis of the known interrelationship between the glandular 
steroids and the individual steroids, a method has been suggested to 
calculate the daily secretion of cortisol, ll)S-hydroxyandrost-4-ene-3,17- 
dione, 17a-hydroxyprogesterone, and 11-deoxy cortisol, and the three Cw 
steroids dehydrocpiandi'ostcrone, andro8t-4-ene-3,17-dione, and testos- 
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terone (Dorfman, 1954). This type of information, even if the total 
17-ketosteroid value is normal, may at times yield valuable specific in- 
formation as to defects or abnormalities of individual constituents, but 
all too often severe clinical changes such as frank virilization in women 
may coexist with a normal total 17-ketostcroid titer and with a normal 
distribution of the individual constituents. This is possible because the 
idrilizing hormone appears to be testosterone, and a small increase in 
daily production by an ovary, testis, or adrenal may produce profound 
biological effects without being reflected in significant changes in the 
17-ketosteroids of urine or of blood. Thus the need for an analytical 
procedure for testosterone. 

The need for knowledge of the blood testosterone titers is equally 
important in frank or marginal hypogonadism in men, since many in- 
vestigators have observed eunochoid or even castrate men who exhibit 
normal values of 17-ketosteroids. This chapter will present methods not 
only for the analysis of 17-ketostcroids of blood and urine, but a method 
for the assay of testosterone in plasma which appears to correlate 
reasonably well with the state of virilism of an individual. 


II. Determination of Dehydroepiandrostcrone 

A . UniNK Mkthod of Bi’rstein and Lieberman (1958) 

Dehydroepiandrostcrone is j)resent in urine primarily as the sulfate 
and, for most analytical proeedures, hydrolysis to the free compound is 
essential. The use of heat and acid resiilted in great losses due to artifact 
formation (Dorfman and Shipley, 1956), and no single successful enzyme 
jiroparation is available to aeeoinplisli the necessary hydrolysis in a 
quantitative fashion. Two relatively simple procedures have been de- 
scribed by Burstein and Liebennan (1958) which eliminate the need for 
a lengthy continuous ether extraction procedure, as practiced earlier by 
Lieberman and Dobriner (1948). 

The procedure consisted in making the urine 2 N with the proper 
amount of 50% aqueous II 2 SO 4 which is added cautiously with stirring. 
Ether is layered in an amount equal to that of the acidified urine and 
vigorously shaken in a cork -stoppered bottle 5 times daily for 4 days. 
This procedure hydrolyzed aboiit 90% of the dehydroepiandrostcrone. 

Another procedure involves the solvolysis of urinary 17-ketosteroid 
sulfates in ethyl acetate. The urine is acidified to 2 with H2SO4 or 
acidified to pH 1 and brought to a salt concentration of 20% with NaCl. 
The sulfate conjugate is extracted quantitatively into ethyl acetate, and 
this solution if then kept at 38°C. for 24 hours, during which time a 
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quantitative hydrolysis of dehydroepiandrosterone and other sulfates 
(androsterone and epiandrostcrone) is obtained. 

Burstein and Liebennan (1958) described a model experiment in 
which potassium dehydroepiandrosterone sulfate equivalent to 10.6 mg. 
of the free steroid was dissolved in 60 ml. of a 20% NaCl solution and 
the mixture adjusted to pH 1 with H 2 SO 4 . An equal volume of ethyl 
acetate was used to extract the solution once and the separated organic 
phase kept at 39°C. for 3 hours, washed with sodium bicarbonate and 
water, and the ethyl acetate evaporated to dryness. Analysis of this 
residue indicated 10.8 mg. of free dehydroepiandrosterone. In a similar 
fashion 6.2 mg. of androsterone was recovered from an amount of potas- 
sium androsterone sulfate containing 6.8 mg. of free coihpound equivalent. 


B. Plasma MKTJron of Bvbstein and Liebekman (1961 » 

The solvolysis method described above for urine has been adapted to 
a plasma method for the estimation of both dehydroepiandrosterone 
sulfate and androsterone sulfate. 

J. Collection of Sample 

The procedure is applicable to not less than 10 ml. and not more 
than 30 ml. of plasma. The blood sample is treated either with hep.'win 
or is collected in a bottle containing dried potassium oxalate (I ml. of 
10% solution dried in an oven). As soon as the blood is cool enough to 
centrifuge, the jdasraa should be separated and then, if not used im- 
mediately, stored in a deep freeze. If a larger amount of blood is used 
the amount of oxalate mu.st be incre.ased. 

2. Hydrolysis 

The pla.sma sample is def)rotcinizcd with 3 times its volume of 
freshly distilled tetrahydrofuran (TIIF). TIIF is purified by refluxing for 
at least 2 hours with approximately 200 gm. per liter of NaOH or KOH 
flakes prior to distillation. One pours about one-half the volume of THF 
to be u.sed for ])lasma sample into a 250-m]. round-bottomed flask, and 
transfers the plasma into the flask with the remainder of the THF. The 
flask is stoppered with a glass stopper and shaken vigorously. A weight 
of (NH^loSO^ equivalent to 80% of the plasma volume is .added, the 
mixture shaken vigorously and filtered through Whatman No. 1 paper 
in a Buchner funnel (100 mm. diameter). The filtrate should form two 
phases; if it does not, sufficient water is added so that the two phases 
do separate. The filtrate is transferred quantitatively into a 250-ml. 
separatory funnel, shaken well, and the lower phase discarded. The 
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upper phase is filtered through glass wool into a 250-ml. Erlentueyer 
flask. The filtrate must be clear and free of water droplets. If not, 
filtration must be repeated. The contents of the flask are hydrolyzed by 
adding 0.09 ml. of 70% perchloric acid for each 100 ml. of THF. The 
flask is tightly covered with aluminum foil and placed in a 50°C. water 
bath for 2.5 hours. The hydrolyzate is transferred quantitatively with 
distilled THF into a 1-litcr round-bottomed flask and neutralized with 
1 ml. of concentrated NH4OH. Evaporation in vaevo is carried to near 
dryness, thus removing practically all the organic solvent. The residual 
material is dissolved in ethyl acetate (100 ml.) and 10 ml. of 0.1 N NaOH 
is added, the flask stoppered, and shaken well. The contents of the flask 
are transferred quantitatively to a 250-ml. separatoiy funnel with ethyl 
acetate. After shaking, the lower phase is removed. If the plasma is 
icteric, a second alkali wash is done. The upper phase is washed to 
neutrality with three or four 20-ml. portions of distilled water. The 
emulsified interface is not removed until the hist wash. The upper phase 
is transferred to a 1-litcr round-bottomed flask and evaporated to dry- 
ness in vacuo. The residue is chromatographed on silica gel. 

S. Silica Gel Chromatography 

The adsorbent is standardized with dehydroepiandrosterone. It is 
recommended that the silica gel should be restandardized every 2 months. 
A slurry of 2 gm. silica gel, which is made with distilled methylene 
chloride, is poured into a chromatographic column (180 X 8 mm.). After 
settling, the adsorbent is washed with an additional 30-40 ml. portion of 
methylene chloride. The residue is dissolved to 3-5 ml. of methylene 
chloride and is quantitatively transferred to the column. The chromato- 
gram is developed at a rate of 1 drop per second as follows: 

Fraction No. 1 60 ml. ClbClj 

No. 2 40 ml. of O.o'/J (UIjCl./McOir 
No. 3 20 ml. oi 1 <; i f 'U/NIc'OH 
No. 4 20 ml. of 2% (:Hj(’l.,/Me()H 

No. 5 20 ml. of 3' ,. CHjCU./MoOll 
No. 6 20 ml. of lO'.’,' Cll-OU/McOH 

That fraction (s) is retained which the standardization procedure has 
shown to contain dehydroepiandrosterone. After icmoval of the solvent 
under nitrogen the residue is chromatographed on paper as shown in the 
following section. Fractions 3 and 4 usually contain the dehydroepi- 
androsterone. 

4. Paper Chromatography 

The residue obtained after silica gel chromatography is chromato- 
graphed on paper using the Bush A system which consists of 1 part 
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Skelly Solve B (mobile phase) and 1 part 90% methanol (stationary 
phase) . Whatman paper No. 2 is used. With each run, standards of de- 
hydroepiandrostcrone and androsterone (40 fig. of each per 2-cm. strip) 
are used. The residue is transferred to the starting line of the paper with 
methylene chloride and/or methanol. The paper is equilibrated in the 
tank overnight. After adding the mobile phase, the chromatogram is 
run for 5 to 6 hours. After the papers have been dried by hanging in 
air, the location of the standards on the chromatogram is detennincd 
by pulling the strip through 2.5 A" KOll in absolute ethanol (stored in 
the freezer). The paper is blotted diy with filter paper and pulled 
through a solution of 2% m-dinitrobenzene in absolute alcohol. After 
blotting the strips diy, they are placed on a glass plate;. (56 X 10 cm.) and 
heated in an oven at 60° until the color develops (2-4 minutes). Using 
the strip containing the standards as guide, the plasma strips arc cut 
so that two areas are obtained. The dehydroepi androsterone area (top) 
is cut 4 cm. above the corresponding standard and midway between 
the standard dehydroepiandrosterone and androsterone. The androsterone 
area extends from the mid-point to 4 cm. below the corresponding stand- 
ard. Each strip is cut into small squares and allowed to stand overnight 
in 4 ml. of distilled methanol. Three milliliters of these solutions are 
evaporated to dryness in 15-ml. glass-stoppered centrifuge tubes and 
the residue used for the 1 7-k«'tosteroid determination as described in 
the following section. 

5. Micro Zimmermann Determination 

To each dry residue add O.l ml. absbjutc ethanol and 0.1 ml. of 2/r 
m-dinitrobenzene solution in absolute ethanol. Shake until the residue 
is completely dissolved. Add 0.1 ml. 5 N KOH in water (stored in the 
refrigerator) . After mixing well kee]) the solution in the dark for 1 hour. 
Then add 0.3 ml. of distilled water followed by 1.5 ml. of freshly dis- 
tilled THF. Stopper the tube and shake well. The upper phase is drawn 
off and filtered directly into 0.8-ml. microcuvettes through a 2-ml. Luer- 
Lok .syringe fitted with a cotton-plugged needle and read in a Beckman 
DU spectrophotometer or equivalent at 440, 520, and 600 m/*. Dehydro- 
epiandrosterone is used as the standard. The optical density readings ob- 
taincid by the identical treatment of a corresponding strip of blank paper 
are subtracted from the observed values. The resulting estimates are 
further corrected by the Allen equation (page 159). 

C. Urine Method of Fotherbv (1959) 

Fotherby has dcsciabed a relatively rapid and reliable method for the 
determination of urinary dehydroepiandrosterone, which in controlled 
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recovery studies indicated a recovery of 80-97^ of added potassium de- 
hydroepiandrosterone sulfate. 

A 20-ml. aliquot of a 24-hour urine sample was placed in a flask 
fitted with a ground glass joint and heated, without adjustment of pH, 
under a condenser in a boiling water bath for 6 hours. The urine was 
cooled and extracted with 40 ml. of benzene and this in turn was washed 
with 20 ml. of water. Then 35 ml. of the washed benzene extract was 
measured into a boiling tube (6X1 in.) and evaporated to about 5 ml. 
at 40°-60° in a stream of air. The concentrated benzene solution was 
transferred to a 6- X 0.5-cm. alumina column prepared in benzene. Two 
milliliters of benzene was added to the tube and this solvent added to 
the column, followed by 8 ml. of benzene. The benzene cluatcs were 
discarded. Dchydroepi.androstcrone together with 6)8-hydroxy-3,5-cyclo- 
androstan-17-one were eluted with 30 ml. of 0.1% (v/v) ethanol in ben- 
zene and the eluates evaporated to diyness under a stream of air. The de- 
t(‘rmination was completed using 20 and 40 /ug. of dehydroei*iandrostcrone 
standards and the Pettenkofer reaction (Munson ct al., 1948; Fotherby, 
1958) . 

The method of Fotherby (1958) is essentially that of Munson et al. 
(1948) except that 0.2 ml. of acetic, 0.8 nil. of furfuraldehydo. and 3 ml. 
of H0SO4 were employed 


D. Ukinf. Mf/itiod ok Mo.nson et al. (1948) 


Reagents 

1. Furfural solution. A commercial grtide of furfural is dist-illed twice 
on a boiling water bath under reduced pre.s.sure. 'I'lie middle fraction 
only i.s retained from each di.stillution. For a satisfactory product it is 
essential that the temperatuj'e of a boiling water bath not be exceeded. 
The nearly colorle.ss product is promptly dissolved in 50% acetic acid 
at a concentration of 0.56% (y/v) and stored in the cold. The reagent, 
stored at —5°, is stable for many months. 

2. Standard solutions of dehydroepiandrosterone {Dll A). A solution 
containing 10 mg. of DlIA or 11.45 mg. of JDIIA acctate/100 ml. of glacial 
acetic acid is prepared, and additional standards containng 0.060 and 
0.020 mg. of DHA per milliliter are obtained by dilution with glacial 
acetic acid. Because DHA cry.stallizes in two polymorphic modifications, 
the melting point is an unsatisfactory criterion of purity. For the greater 
portion of the w'ork the acetate of this compound fm.p. 169°-170.5“ 
(corrected); fa]n = +4.2° (ethanol)] was used as the standard, but 
the results were expressed in terms of DHA. The acetate gives the same 
intensity of color mole for mole as the free hydroxyketone. 
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S. Sulfuric acid, 16.0 N. 

4 . Acetic add, 50% by weight. 

Provided that all test solutions are treated uniformly, minor changes 
in reagent concentrations, temperature, and time are relatively unim- 
portant. 

An amount of j)urc steroid or of urine extract estimated to contain 
10-50 jug. of DHA or its equivalent is transferred to a calibrated Evelyn 
colorimeter tube and cvaiwrated to dryness on a water bath under a 
stream of nitrogen. The dry residue, if the evaporation has been properly 
carried out, is confined to a small area in the bottom of the tube and 
is dissolved in 0.5 ml. of glacial acetic acid, with warming if necessary. 
The solutions in Table I arc then added to Evelyn tubes (or equivalent) 
in duplicate or triplicate and mixed. 

rABI.K I 

1{ka(!ents Fon Dkhvdrokiuandkostkkone (I)IIA) Dktekmination 



(Uncial 


nr(itio 


arid 


(ml.) 

Hlank wit-houi furfural 

0.5 

Reaftont blank 

DHA staiidardH (10-, 30-, 

0.5 


aiul 50-/*K. levels) 
Urine cxtriiet blank 
UriiU' extra<it 


DHA 

standard 

50^ 

Acotir 

Kurfural 

llrinii 
(‘xtract 
in glacial 
auotic 

Bolution 

arid 

.solution 

arit! 

(ml.) 

(ml.) 

(ml.) 

(ml) 


2.0 




2.0 


0.5 


2.0 



2.0 


0.5 



2.0 

0.5 


To each tube indicateil in Table I, 7.5 ml. of 10 N sulfuric acid are 
added at 1 -minute intervals. After the contents are mixed well, the tube 
is placed in an efficient, large-cajiacity, cou-stant-temperature water bath 
maintained at 67° ± 0.2°. After <-xactly 12 minutes in the bath, the 
tube is removed and immediately placed in an ice bath for 1 minute. After 
all the tubes have been heated and cooled (a scries of 30 to 40 tubes 
can be analyzed conveniently), the color intensity is determined in the 
Evelyn colorimeter for equivalent), with Filter 660, the wavelength of 
maximum absorption of the colored product. A center setting is obiained 
by adjusting the “blank without furfural” to 100. Since all the solutions 
containing furfural increase .sliglitly in color while standing at room 
temperalure, the colorimetric measurements ai’c made at approximately 
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tlic same time interval (± 10 minutes) after removal from the batl). 

There is a small but significant day-to-day variation in the color 
intensity developed by DHA standards, even though the same reagents 
are used and the ass.ay conditions are apparently identical. It is therefore 
essential that a full set of standards be included in each assay series. 
The color produced is ufTccted significantly by changes in furfural con- 
centration, H2SO4 concentration, bath temiicrature, and heating time. 
Therefore it is also essential to use the same reagents and assay con- 
ditions for standards, blanks, and extracts. 

Calculations 

1. The galvanomoler readings (Cr) are converted to L values (L = 2 
— log (t). (A convenient table for conversion is included in the manual 
accompanying the Evelyn colorimeter.) If replicate determinations have 
been made, the mean L value for each set of replicates is calculated. 

To eliminate nonspecific color (a) originally present in the extract 
and (b) jiroduccd by the action of 112804 alone on the extract, the L 
value for the “urine extract blank” is subtracted from that of the “urine 
(‘xtract.” Occasional urine extracts develop a slight turbidity, "which also 
i« corrected by the urine extract blank. The mean L values of the reagent 
blank and the DlIA standards are plotted on graph paper, and a curve is 
drawn connecting the points. (The curve deviates slightly from strict 
linearity, thus differing from that obtained in the analysis of cholic, acid.) 
Th(' DHA content of the urine extract aliquot is estimated by inter- 
juilation on the grajih, and the total DHA content of the extract is ob- 
tained by a|)plication of the api)ropriate factor. 


III. Determination of .^a-Androst-lb-en-Sot-ol 
(Brooksbank and llaslewood, 1960) 

llie inclusion of the determination of this steroid in this chapter is 
based on the evidence that A^® compounds are metabolites of testosterone, 
and that tin' urinary concentration of the A^® compound may in fact 
be a nuiasure of the daily testosterone production. Increased urinary con- 
centration of 5a-androst-16-cn-3«-ol is associated with hirsutism and 
virilism in women, and men’s urine has a higher concentration than that 
of women’s urine. Cholesti'rol and jiregnenolone are biosynthetic precur- 
sor-s of this A'® steroid (Burstein and Dorfman, I960). Incubation of 
4-C^*-testostcrone with rat testis and human liver homogenates have 
yielded A*® compound (Stylianou et uL. 1961a, b). 

A preliminary method for the estimation of the 5a-androst-16-en-3<»-ol 
in urine has been suggested (Brooksbank and TIaslewood, 1960) which 
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TABLE II 

Excretion of Urinary So-Andbost-IG-en-So-ol; 
Prkltminahy Results on the Urine of Healthy Individuals* 


Subject 

S('x 

Approximate 

ago 

Milligrams an(lrostoiiol/24 hours 

1 

M 

32 

<0.2, 0.22, 0.2G, <0.2, <0.2 

2 

M 

38 

2.13; 2.05 

;{ 

M 

28 

0.93 

4 

M 

24 

1.55 

5 

F (jirt'KiKint) 

35 

<0.2, 

() 

¥ 

23 

0.70 

7 

¥ 

70 

<0.2 


M (pool(‘d urine) 

<15 

1 .00 mg./p(T liter 


* From Rrookabaiik and IIasl<!wood (1900). 


is based on the color tests devised by Miescher (1946) for the detection 
of 17a-hydroxy- and A^“-Ci 9 steroids. Here 5a-androst-16-en-3a-ol is 
dissolved in acetic acid containing 0.5 gm./lOO ml. (w/v) resorcylalde- 
hyde and heated at 100° with an equal volume of 5% (v/v) sulfuric 
acid in acetic acid. The resulting blue color absorbs maximally at 585 m/x 
(initially also at 540 m/x, according to conditions) . With purified reagents, 
the blank is negligible and the agreement with Beer’s law, if a colorimeter 
with a green filter is used, is excellent; quantities down to 2-3 /xg. in 4 ml. 
of solution can be readily measured. The color reaction, is markedly 
specific. 

Brooksbank and Haslewood (1960) prepared a suitable extract for 
the colorimetric determination of 5a-androst-16-en-3tt-ol by incubating 
urine buffered to pll 4.5 with a /?-glucuronidasc preparation from limpets 
and extraction of the liberated steroids with an organic solvent, preferably 
ether. The extracted material was separated on a simple alumina column 
with petroleum ether- benzene (1:1 v/v). Some preliminary results are 
presented in Table II. The low excretion figures for subject 1 were not 
due to [)oor recovery, since 74-85% of the steroid glucuronoside added to 
the urine was recovered. No evidence for the presence of the sulfate 
conjugate could be found. 


IV. Delcrmination of Testosterone in Plasma 
(Finkelstcin et al., 1961a) 

In a previous section (page 53) the need for a method for the 
determination of testosterone in blood was discussed. It is pertinent to 
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mention that this androgen has been detected in human urine by 
Schubert (1960), who claimed that unspecified human urine contains 
about 50 /*g. of testosterone per day’s urine. If this finding is substanti- 
ated, it is possible that urinary determinations of this steroid would be 
practical and meaningful. 

The method of Finkelstein et al. (1961a) for measuring testosterone 
in blood is based on the fact that testosterone can be enzymatically 
converted to estradiol-17)8 and estrone (Ryan, 1959) and these latter 
compounds can be estimated in extremely minute quantities by a fluoro- 
metric technique (Finkelstein et al., 1947; Finkelstein, 1952). Testos- 
terone in concentrations of 0.1 jug/lOO ml. of human plasma may be 
estimated. 

The following method has been developed: 

1. Plasma was extracted 4 times with equal volumes of ether: chloro- 
form (3:1) and the combined extract. s were washed with 1 N NaOH 
to remove acidic and phenolic compounds and finally washed with 
saturated NaHCOs and water. The neutral extracts were dried over 
Na 2 S 04 and concentrated to dryness. 

2. The dried extract, containing the neutral compounds, was dis- 
solved in 70% methanol, stored in a deep freeze overnight, and when a 
precipitate formed this was rapidly centrifuged and the clear supernatant 
partitioned against petroleum ether. 

3. The methanol was removed by distillation under reduced pressure 
and the resulting aqueous residue extracted with ctiual volumes of benzene 
3 times. The combined benzene extracts wore washed once with w'ater, 
dried over Na 2 S 04 , and concentrated to diyness. The dried residue was 
chromatographed in the ligr >in-propylene glycol system (Savard, 1953) 
in parallel with a testosterone standard for 72 hours at 27°C. 

4- The testosterone zone w^as located by viewing in the short ultra- 
violet. The material contained in this testosterone zone was incubated 
with a fdacental enzyme preparation in the ijrosence of 0.5 TPN, 
5 ftll glucosc-6-j)hosphate, 0.5 Komberg units glucosc-G-phos|)hate de- 
hydrogenase, 50 iiM phosphate buffer at pH 7.2 and 0.154 M KCl to 
make a final volume of 1.0 ml. The incubations were carried out for 
1 .5 hours at 37°C. in air in a Dubnoff metabolic shaker. 

The enzyme was prepared according to Ryan (1959). Each pellet 
obtained after 105,000 g centrifugation was resuspended in 3.0 ml. of 
phosphate buffer (0.1 M, pH 7.2) and 0.5 ml. of the suspension w'as 
used as the source of enzyme. The activity of the enzyme preparation was 
checked with each run by incubation of 4-C^‘-tcstosteronc and determin- 
ing the extent of conversion to estradiol -17/S by both counts and fluorom- 
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etry. The placental preparation was found to be stable after several 
months' storage in the deep freeze. 

5. The reaction was stopped by adding 10 volumes of ethanol. In- 
soluble material was removed by centrifugation and the precipitate 
washed with one-half the original volume of ethanol. The ethanol su- 
pernatants were combined and evaporated to dryness. The dried residues 
were moistened with a little ethanol and then taken up in 10 ml. benzene. 
The benzene solution was extracted once with 10 ml. and twice with 5 ml. 
1 N NaOH and the pooled alkali extracts were i)laced in an ice bath and 
the pH adjusted to about 8.0 with concentrated IICI ; extraction was with 
a 3 X 10-ml. portion of benzene. The benzene extracts were washed suc- 
cessively with 3.0 ml. 30% IT 2 SO 1 , water, saturated NallCOs, and again 
with water to neutrality. The benzene extracts were dried over Na 2 S 04 
and then evaporated to dryness in a stream of nitrogen. The dried residues 
W'erc chromatographed on paper in the benzene :methanol system along 
with standard estradiol-17^ and estrone. The respective zones wore eluted 
and quantitatively estimated fluorometrically (Finkelstein, 1952; Finkel- 
stoin et al., 19611)). In model experiments, 4-C’ '‘-testosterone was added 
to plasma, converted to estrogenic material enzymatically, and the con- 
version products were localized on paper by scanning. The concentration 
was estimated both by counting and by fluorometiy. 

6. To control the over-all recovery and to assist in detecting the 
zones on paper, 0.01 /xg. or less of C‘^-te.stostcrone or IP-testosterone 
with a high specific activity may be added to the 50-ml. sample of plasma. 

Recovery experiments. Three-tenths itiiorogram of 4-C‘^-tt‘stosteronc 
(9000 c.p.m.) was added to 50 ml. of plasma and subjected to the 
iwocedure outlined above. In four experiments (Table HI) the major 
conversion product was cstradiol-17/8 and the over-all me.an recovery Avas 

TAULK III 

HEC’inEUY OF Added ^I-('’*-Testostkrone fuom Human Pl.asma’^ 


IVt ('(*nt rcrov^(*ry as estradiol- 17^ 
iil'tor <*hroinaloj<raphy hasiMl on: 


riasma sainph* c.p.in. FluoroinetTV 


1 55 (13 

TI 47 58 

HI 55 58 

IV 44 50 


' From J*'inkelstdn ct ah (lOOln). 
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50% (as estradiol-1 7/3) on the basis of the C'* count, and 55% wlion th<» 
prodtict was measured fluoromctrically. 

Estimation of testosterone in normal plasma. Five plasma samples, 
including three from normal men and two from normal women, were 
analyzed for testosterone content. The values in two men were 0.2 and 
0.4 ju,g./100 ml. of plasma and the value was less than 0.1 pg. in a third 
male subject. In the two women, plasma values of 0.1 and less than 0.1 
/tg./lOO ml. of plasma were found (Table IV). 

TABLE IV 

Tkstosteuone in Human Plasma® 





Tosiofiterone 

SlibjfTi 

S(‘\' 


(Mt?. 100 ml plasma) 

1. Xoniuil 

M 

U) 

<t).l 

2. Xoniial 

M 

3r> 

0.2 

3. Normal 

M 

2S 

0.4 

4. Normal 

F 

35 

0.1 

5. Normal 

1* 

22 

<0.1 

r». Adrenal adenoma (K.M.) 

V 

27 

1.3 

7. Ovarian hilufi-roll tumor (11. 11.) 

V 

71 

2.0 


® Froiu Firikclstein d at. (lOOla). 

'■ Because of tlie limit f‘d numl)or of samples, no siKiiilieanee. should ho attached at 
present to the relationship of aRO to testosterone levt'ls in ]>lasmH. 

I’lasina tiaiiii)lcs from two female jnitit'iils with virilizing syndrorne.s 
were also studied. The palitmt F.M. was suffering from an adrenal 
adenoma tind excreted a gram or more of 17-keto.«tcroid.s daily. The 
other patient (H.ll.) hail a hilus-ccll tumor of the ovary uith exceed- 
ingly low urinary 17-ketosteroid.s. In patient F.M., 1.3 /ig./lOO ml. 
plasma and in ptdii'nt II.Il., 2.0 /tg./lOO ml. jdasma were, found. 


V. Determiiialion of I7-Kelosleroid8 in llritio 

This group of .steroids specifically include androsterone, dchydroeiii- 
androsterone, etiocholanolone, 11-ketoandrosterone, 1 1-ketoetiocholano- 
lone, 1 1 ;S-hydroxyandrosterone, and 11^-hydroxyetiocholanolone as the 
principal components and all share the property of a ketone group at 
position 17. The determination may be performed at different levels of 
complexity. Methods are available and will be discussed in this chapter 
which give an accurate index of the total of all the 17-ketosteroids, while 
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other methods provide for the quantitative analyses of the individual 
components. 

Certain micromethods will be described which have the advantage of 
dealing with small volumes of urine and are suitable for clinical studies 
in which quantitation of the individual components is not required. 

A. Methods of Drekteb ct al. (1947, 1952) 

Method A {1947). Ten milliliters of urine and 3 ml. of concentrated 
HCl are placed in a 125-ml. Erlenmeyer flask, and the flask is stoppered 
with a Pyrex flat-headed stopper. The flask is heated in a water bath 
at 80°C. for 10 minutes, and 5 ml. of the hydrolysate are cooled and 
transferred to a 125-ml. separatory funnel. Twenty milliliters of ether 
are added, and the funnel is shaken for 30 seconds. The extracted urine 
is removed. The ether is washed once with 10 ml. of 10% NaOH and 
once with 10 ml. of distilled water, and shaken for 10 seconds with each 
wash. Five milliliters of ether are removed, evaporated, and assayed by 
means of the Zirnmermann reaction [see Drcktcr method B (1952)]. 

Method B (197)3). Ton milliliters of urine arc Iransfcrrcd to a .30-ml. 
Pyrex centrifuge bottle. Three milliliters of concentrated HCl are added, 
and the botUe containing the mixture is placed in a water bath at 100*0. 
(With each batch of determinations a method blank is s('t up by sub- 
stituting 10 ml. of water for urine and following through with (he entire 
procedure.) The bottle is removed from the water bath after 10 minutes 
and cooled. Ten milliliters of ethylene dichloride are added, and the 
bottle is stoppered and shaken for 15 minutes. The bottle is ccntrifiiged, 
and the top aqueous layer is aspirated. The ethylene dichloride extract 
is poured through Whatman’s No. 1 filter paper into a 20-ml. bottle. 
Approximately 20 pellets of sodium hydroxide are added, and the bottle 
is stoppered and shaken for 5 minutes. The solution is filtered through 
Whatman’s No. 1 filter paper. Two milliliters of the ethylene dichloride 
solution are transferred into a test tube and dried in a water bath at 
]0()°C., until all traces of solvent have been evaporaled. When cool, 
0.4 ml. of 1% w-diriitrobonzene in ab.soliito ethanol is added, and the 
tube is rotated to dissolve the dried material. Then 0.3 ml. of 8 N 
potassium hydroxide is added, the contents are mixed and placed in a 
water bath at 25°C., after which 0.4 ml. of the standard (5 mg. of de- 
hydroepiandrosterone in 100 ml. of absolute ethanol) is transferred to a 
test tube, and the ui-dinilrobenzene solution is added as above. Similarly, 
a Zirnmermann reagent blank is prepared. After exactly 25 minutes, 
2 ml. of 76% ethanol are added. The Zirnmermann reagent blank is set 
at 100% transmission. The standard is read. Next, the method blank is 
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set at 100% transmission. The unknown is now read. The standard is 
equivalent to 10 mg. per liter of 17-ketosteroids expressed as dehydro- 
epiandrostcrone, and the calculation of the unknowns is based upon the 
recommendation of the manufacturer of the colorimeter employed. If the 
colorimeter to be used has a capacity greater than 2.7 ml., then a larger 
aliquot of the ethylene clichloridc extract can be taken, and the amounts 
of reagents used for the Zimmermann test are increased as needed. 

B. Method of Hamburger and Rascii (1949) 

An amount of urine equal to one-fiftieth of a 24-hour output is 
measured out from a 10-nil. i)ipet graduated to 0.1 ml. into a flask (if 
below 10 ml., water is added to 10 ml.). From a 1-ml. pipet graduated 
to 0.01 ml., 10 volume % of 40% H2SO4 are added to the urine. 

Simultaneous hydrolysis and benzene extraction. Forty milliliters of 
benzene (ciystallizable) are added to the acidified urine. The boil- 
ing i.s performed on an electric hot j)latc in 450-ml. flat-bottomtid culture 
flasks fitted with reflux condensens. An electric hot plate with a diameter 
of 22 cm. leaves space for 3 of the flasks, and the reflux condensers can 
be connected serially. When the temperature on the hot plate is kept 
moderate, the urine boils smoothly, especially when a piece of glass is 
put into the flask. The advantage of a flask of this shape is the extended 
contact surface betw'cen the urine and the benzene layer; with 20 ml. 
of urine the contact surface is about 80 sq. cm., whereas the height of 
the urine layer is merely ^ cm. The liberated steroids, therefore, pass very 
rapidly to the benzene layer. Refluxing with benzene for various periods 
of time show’cd that most of the steroids arc removed w'ithin 5 minutes. 
Since the hydrolysis usually is complete after 25 minutes, the total time 
for the benzene refluxing should be 30 minutes. 

After being refluxed for 30 minutes, the mixture i.s cooled under run- 
ning tap water, and the benzene extract is freed from nonspecific chromo- 
genic substances and phenols by extracting once with saturated NaHCOa 
solution, tw’ice w'ith 2 N NaOlI solution, and twice with water, each of 
the w’ashings being made with about 10 ml. of solution. After being dried 
W'ith anhydrous sodium sulfate, the benzene extract is filtered and evapo- 
rated to dryness over a boiling water bath \mder reduced iircssure. The 
residue may now be analyzed by the Zimmermann reaction. 


C. Method of Peterson and Pierce (1960) 

A 5-ml. aliquot of urine is placed in a 40-raI. graduated ground-glass- 
stoppered conical centrifuge tube containing 0.5 ml. of concentrated HCl 
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(C.P.) , The tube is covered with a marble and heated in a boiling water 
bath for 20 minutes. After cooling, 25 ml. of a 1:1 mixture of petroleum 
ether-benzene is added and the tube shaken for 15 to 20 seconds. By 
means of a capillary pipet the aqueous layer is removed and the remain- 
ing solvent layer is washed successively once with 1/15 volume of 5% 
KOH and twice with 1/10 A'olume of water. A 20-ml. aliquot of the 
washed solvent containing the total neutral 17-ketosteroids is transferred 
to a ground-glass-stoppered tube and cva]}oratcd to dryness in a water 
bath (40°-45°C.) under a stream of air. At this temperature it is not 
necessary to use nitrogen at this step. 

The dried residue is dissolved in 0.4 ml. of ethanolkc w-dinitrobenzenc. 
Reagent blanks in duplicate are prepared containing 0.4 ml. of the etha- 
nolic ?ft-dinitrobcnzenc solution. Standards are prepared in duplicate con- 
taining 30 /-tg. of dchydroepiandrosterone plus 0.4 ml. of ethanolic 
w-dinitrobenzenc. Then 0.2 ml. of 5.0 N KOH is added to each tube and 
incubated at 25° ± 2°C. in the dark for 90 minutes. After incubation 
3.0 ml. of 50% ethanol is added, mixed, 3.0 ml. of dichloromethanc added, 
stoppered, and the mixture shaken vigorously for 10 seconds. After stanrl- 
ing in the dark for about 5 minutes, when two layers separate, 3 ml. of 
the dichloromethanc layer are removed, transferred to a cuvette con- 
taining a few drops of ethanol, and the ojjtical density measured against 
a water blank at 520 mfi. 

Cnlculaiiova 


DU 

DS 


X 0.03 X 


TVU 

UA 


Milligrams of 17-ke1osleroids ])er day 


DU ~ Optical density of unknown 

DS — Optical density of standard 

0.03 = Milligrams of standard (dchydroepiandrosterone) 

TVU = Total 24-hour urine volume 

UA = Urine aliciuot used, milliliters 

(20-ml. aliquot solvent equivalent to 4 ml. of urine) 


The method of Peterson and Pierce (1960) is i)articularly valuable 
because estimation of the true total 17-ketosteroids is possible without 
the need for a Girard separation, column chromatography, or the use of 
a color correction equation. This is so because the dichloromethane extrac- 
tion procedure removes the pink color (see also page 85), absorbing at 
520 lu/i from the undesirable brown pigments whiiih absorb at 420 ni/x. 
When this method is userl, 10-24 mg. per day of 17-ketosteroids are 
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found for normal men’s urine and normal women’s urine varies from 
6 to 14 mg. per day. 

D. Method of Kdendshoj et al. (1953) 

This is essentially the methods of Drektor ei al. (1947, 1952) except 
for the following modifications; methyl Cellosolvc was used as a diluent, 
the wi-dinitrobenzone was dissolved in this solvent, 4 JV KOH was used 
in place of 8 N aqueous KOH, and the color developing reaction was run 
for 60 minutes at room temperature. A more stable color was obtained 
and in replicate analysis excellent agreement was found. Steroid recovery 
varied from 96 to 104%. 

K. Method of VE.STBK(iAAUD (1951) 

( For Sui'vey of Piwu'dure, see page 68) 

The coi recfioii for nonsiiecific chromogens was made acconiing to the 
method of rdbsou and Evans (1937). The nonketonic fraction of a 
l)oolecl urine was made using the Girard reagent (Pincus and Pearlman, 
1941) and the ratio between the extinction at 420 a)ul 520 ra/t determined 
to be 2.0, while that of a pure sample of dohydroepiandrostcrone was 

0. 33. The correclion foiniula was as follow.«: 

2.0 hi20 — t'jiw 

corr “ I GT 

The method gave a coefficient of variation of 3.4 and i.s simple to 
perform. The author records (he fact that a single operator could perform 
between 60 to 72 analysi's n. an 8-hour working day. 

F. Medic.ad ltESE.u{(Ti ( oi NciL Metiiod (1951) 

The Medical Research (’ouncil (Great liri'ain') Committee on Clini- 
cal Endocrinology ha.s ])u!)li.shed a standard method for the determination 
of 17-ketosteroids in urine. This method is ref)roduced here with the per- 
mission of this grou]). 

1. Collection of Urine Specimen 

Since there is considerable diurnal variation in excretion of 17-keto- 
steroids (Pincus, 1943) , complete 24-hour collections of urine are neces- 
sary. Subjects should be instructed (o reject the first morning urine on 
the first day of collection and then to collect all urine up to and including 
the first morning urine on the second day. Addition of preservatives is 



Survey of the Procedure 


Pipet off 0.3 ml. of cone. HCl in specially made glass-stoppered centrifuge tubes 

Add 2 ml. of urine 

j 

riiicc on boiling wafer bath for 17 minutes 
(ViOl 

Add 4 rnl. of ethvl eth(‘r with a syringe pip<‘t 

1 . 

JOxlract in shaking apparatus lor I minute 
Suck away urine 


either 

Add 4 ml. of distilled water 
Suck away 

Add 15 -20 NaOn pellets 

Shake (100 times in shaking a|)paratus) 


Add 2 ml. ol‘ 2 A XaOH 
Shako nnd vsmdc away 
Ad(i J ml. of distilled water 
Suck away 

Add 2 ml. of distilled water 
Shako and suck awuy 
Dry b.v adding one 8i)atula of 
Shako y 


Filter through sinterod-glass liltcTS into test tubi*s 
Washings with two l-ml. portions of ether 

i 

IX^aporate on water bath at 

To (*ach test tub<^ a<ld 0.21 ml. of a fn'shfv made solution consisting of 2 parts 
1.25 A alcoholic KOlI solution and 1 part 2^, c /a-dinitrober»z(‘ne .solution 

I 

Dissolve the residue by thorough shaking of test tube 

After GO minutes in the. dark at 25W add 3.7G ml. of absolute, alcohol n‘ad in 
]le(‘kman colorimettT against blanks 

1 

Compare with standards 
Apply correction formula 


68 
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usually unnecessary. Formation of inconvenient amounts of ammonium 
carbonate can be ])revontod by addition of a salt of a heavy metal (to 
inhibit urease activity), c.g., copper sulfate 1 mg. per milliliter. 

S. Hydrolysis and Extraction of Urine 

The following method, based on the work of Robbie and Gibson 
(1943), has been found to be convenient and rapid. Direct comparison 
with other recommended procedures has shovm close agreement in amounts 
of 17-ketostcroid extracted. 

A sample of urine (100 ml.) is brought to boiling under reflux over a 
Bunsen burner flame. Concentrated HCl (10 ml.) is added down the 
condenser and boiling maintained for 10 minutes. The urine is then 
allowed to cool somewhat and 30 ml. of carbon tetrachloride added down 
the condenser. The content, s of the flask are again maintained at the boil 
for 10 minutes. The flask is then cooled, the CCU layer removed and 
replaced by the same volume of fresh solvent, and the mixture again 
refluxed for 10 minutes. The CCI4 layer is then removed and added to 
the first extract. 

The total CCU extract (about 60 ml.) is washed successively with: 
(1) 20 ml. water, (2) 20 ml. 2 N NaOH, (3) 20 ml. water, (4) 20 ml. 
water containing a pinch of sodium dithionite (Na 2 S 204 ). The washed 
CCI4 extract is then evaporated to dryness on a water bath using a 
water-pump vacuum to remove last traces. 

The dry residue is dissolved in aldehyde-free absolute ethanol. The 
volume of ethanol may be vfiried according to the expected ketosteroid 
content. With normal urines 4 ml. of ethanol is convenient, but 2 ml. or 
even 1 ml. may bo more appjopriato for urines of low ketosteroid content. 
Ethanolic extracts thus prepared appear to be quite stable and need pro- 
tection only from evaporation. 

3. Colorimetric Estimation 

a. Ethanol. The suitability of the absolute alcohol is the most impor- 
tant factor ill achieving satisfactory results. Some grades of commercial 
“absolute” alcohol can be used without preliminary purification but 
usually some treatment is necessary. The following method described by 
Callow et al. (1938) may be employed. 

Commercial “absolute” alcohol is treated with 4 gm. per liter of 
w-phenylenediamine hydrochloride, allowed to stand in the dark for a 
week, with occasional shaking, and then distilled, the head and tail frac- 
tions being rejected. 

This purified alcohol should be used for all purposes in connection 
wdth the estimation of 17-ketosteroids. 
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b. m-Dinitrobenzene. A well-crystsillized and fairly i)ure specimen is 
further purified thus: 20 gm. is dissolved in 750 ml. of 95% ethanol, 
warmed to 40°C., and 100 nil. of 2 N NaOlI is added. After 6 minutes, 
the solution is cooled and 2500 ml. of water is added. Tlic precipitated 
m-dinitrobenzene is collected on a Buchner funnel and washed very 
thoroughly with water, sucked dry, and recrystallized twice in succession 
from 120 and 80 ml. of absolute ethanol. The material should be w'ell 
crystallized in almost colorless needles, m.p. 90.5‘’-91'’C. 

The reagent is a 2% w/v solution of this material in absolute ethanol. 
It is stored in a glass-stoppered brown bottle and kept in the dark. Ihider 
these conditions it is stable for 10-14 days. 

c. Potassium Hydroxide. The reagent solution is 2.5 N KOH in abso- 
lute ethanol; KOH (9 gm.) is dissolved with shaking or mechanical stir- 
ring in 50 ml. of absolute ethanol and the solution filtered through a 
hardened filter paper. The concentration is checked by titration with acid 
(methyl orange indicator) and adjusted between the limits 2.48 to 2.52 N. 
The solution is stored in a refrigerator and must be discarded as soon as 
the faintest color is perceptible. 

Wilson and Carter (1947) have reported that the 2.5 N' potassium 
hydroxide alcoholic solution can be kept for a ])eriod of 3 to 4 months 
if ascorbic acid is added, and if the reagent is kejit in an atmosphcre,of 
nitrogen. This modified reagent is prepared as follows: 

One hundred milliliters of absolute alcohol are measured into a glass- 
stopjjered Pyrex bottle and chilled in ciaished ice. Two lots of 15 rng. each 
of ascorbic acid are weighed. The first lot is ground up with small suc- 
cessive portions of absolute alcohol and added to the chilled alcohol. 
Since ascorbic acid is sparingly soluble in ethanol, it is added us a fine 
suspension. This must be done before dissolution of the solid j)otassium 
hydroxide and again after filtering the resultant cloudy solution. Next 
25 to 30 gm. of finely powdered potassium hydroxide pellets arc added. 
A stream of nitrogen is bubbled gently through the mixture; for 5 seconds, 
the stopper replaced under nitrogen, and the bottle shaken vigorouslj'^ for 
about 5 minutes. It is necessary to shake until a concentration of at 
least 2.6 N is reached. After the mixture is s.ampled to test the normality, 
the air space is again flushed with nitrogen if further shaking is required. 
The solution is filtered through a fine porosity Buchner-type Pyrex glass- 
fitted filter into a 250-ml. Pyrex suction flask packed in crushed ice. 
A gentle stream of nitrogen is played over the surface of the filtering 
fluid from a conical funnel. The second lot of 15 rag. of ascorbic acid is 
ground with absolute alcohol and adiled to the filtered solution. The 
final concentration of the cold alkali is then adjusted to 2.5 .V within 1%. 
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A slight turbidity from the ascorbic acid may be disregarded. The rea- 
gent is stored in the cold under nitrogen. Thereafter the air space is 
always flushed with nitrogen after the bottle has been oi)eno(l. 

The following tubes should be always set up: 

(1) Reagent blank — 0.2 ml. ethanol, 0.2 ml. w-dinitrohenzene reagent 
(DNB), 0.2 ml. KOH. 

(2) Urine extract — 0.2 ml. urine extract, 0.2 ml. DNB, 0.2 ml. KOH. 

(3) Standard — 0.2 ml. standard, 0.2 ml. DNB, 0.2 ml. KOH. 

A convenient standard is one containing 0.1 mg. androsterone or dehy- 
droepiandrostcrone in 0.2 ml. absolute ethanol. 

The tubes are stoppered and placed in a thenuostat at 25° ± 1°C. for 
GO minutes. During incubation the tubes should be protected from bright 
light. It is most convenient to keep them in complete darkness. 

At the end of 60 minutes 10 ml. of absolute ethanol is added to each 
tube and the contents mixed. The urine extract and the standard are 
then read in a photoelectric colorimeter against the I’cagent blank tube. 

Colorimeter readings should always be made with two different filters, 
one green (approximate wavelength maximum .'5200 A), and one blue or 
violet (api)roximate wavelength maximum 4300 A). These correspond to 
“Ilford Spectrum’’ filters Nos. 604 and 601, respectively. Headings with 
both filters are necessaiy for corr(.*ting for interfering ehroniogens by 
the method given below. 

There is a straight-line relation between extinction and amount of 
ketosleroid u)) to about 0.1 mg. of androsterone. With larger qtiantitics of 
androsterone the calibration deviates from a straiglit line. If very high 
readings are obtained it is necessaiy to dilute the original urine extract 
and repeat the color develormient. Dilution of the final colored solution 
should not be employed, as it gives ('rroneous results. 


'i- Correction for Interfering Chromogens 

Substances other than l7-ketostoroids develoj) color with the reagents. 
Talbot et al. (1942) .suggested the use of the following formula for cor- 
ri'cting the observed green extinction values for interfering chromogens: 


Corrected grecni = 


()b.serv(‘d (i-O.fi V 
0.73' 


That is, from the observed green extinction .subtract 6/10 of the observed 
violet extinction and divide by 0.73. The corrected green extinction is 
converted into milligrams of standard by comparison with the extinction 
of the latter with the green filter. The validity of this correction has been 
checked by comparison with values obtained on urinaiy neutral ketone 
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fractions obtained by the use of Girurd’s reagent (Talbot et al., 1942) 
and by simultaneous determinations by colorimetric and polarographic 
methods (Butt et al, 1951). 

Kenny (1960) has published detailed directions for the construction 
of a nomogram for the computation of the color value for 17-ketostcroid 
estimations by the Zimmermann reaction. 


VI. Fractionation of Individual 17-Ketosteroids 

Callow and Callow (1940) separated androsterone, dehydroepiandros- 
teronc, and etiocholanolone by a chromatographic method, using alumi- 
num oxide as the adsorbc'ut and mixtures of carbon tetrachloride and 
ethanol for the development and elution. This method was sufficient fur 
seraiquantitative work and for qualitative identification of this limited 
group of 17-kelosteroids. With the discovery that additional 17-keto- 
steroids were present in human urine, it w'as desirable to have a method 
for the quantitative determination of the individual constituents. Dingo- 
manse et al (1946) published such a method, employing alumina as the 
adsorbent and benzene and benzene-ethanol mixtures for elutions. 17- 
Ketosteroid determinations were done on the individual oluates. The in- 
dividual components were identified by the solvent fraction in which tliey 
were found, as comi)ared to riderence steroids, and by isolation of crys- 
talline material from some fractions. This technique was used with modi- 
fication by Robinson and Ooulden (1949), Devis (1951), Pond (1951), 
Zygmuntowicz et al (1951), and Rubin et al (19.53a). These methods 
were not satisfactory because of the inherent difficulties in obtaining 
standardized adsorbents and sharp separations of individual components. 
A further difficulty was due to the fact that the procedures involved ex- 
posing such compounds as J 1 ;8-hydroxy androsterone and 1 1/i-hydroxy- 
etiocholanolonc to heat and acid, which dehydrated t hese steroids to their 
A®<^^’-dehydro derivative.s. The steroids were not separable from 

their corresponding reduced steroids, androsterone, and etiocholanolone 
by the adsori)tion chromatographic procedures employed. 

The introduction of a paper chromatographic method for the separa- 
tion of the individual 17-ketostcroids by Rubin et al (1953b, 19.54) 
proved to be a considerable advance, since good resolution was possible, 
and a method was introduced that permitted the quantitation of 11/8- 
hydroxyandrosterone and ll/J-hydroxyetiocholanolone. This method will 
be described in detail, 'fhe use of gradient elution methods developed for 
17-ketosteroids especially by Lakshmanan and Licberman (1954) and 
Kellie and Wade (1957) proved to be important advances and are herein 
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described. Definitive, e.ssentially symmetrical peaks of the individual 
components can be obtained with these procedures. 

A. Method op Rubin et al. (1953b, 1954) 

1. Preparation of Chromato grams 

Whatman No. 1 filter paper is cut into strips 14 or 16 cm. wide and 
56 cm. long. These strips are washed in a Soxhlet apparatus with 1:1 
methanol-benzene for approximately 48 hours. For quantitative paper 
chromatograms these strips arc out as shown in Figs. 1 and 2. From each 



I'lo. 1. Preparal.ion of filtci- for quanUUilive (ielerininfition of individual 

17-kelosLeroids (liubin et al., 1953b, 1954). 

16-cm. strip, two quantitative strips of 6 cm. each and one qualitative 
strip of 1 cm. (for ciystallinc standards) are obtained. The 6-cm. strips 
arc ruled vertically 2 lum. from each edge, and a 2-mm. strip is marked 
down the center. These 2-inm. strips are used for locating the zones of 
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Fia. 2. Proparation of filter paper for quantitative determination of individual 
17-ketosteroida (Hubin ct a/., 1953b, 1954). 


Zimmcrmanri-ruacling matoiial and stapled back into their original po- 
sitions in the chromatogram, all being mounted on a sheet of paper. 1’he 
remaining areas of these zones, 5.4 cm. in width and corresponding in 
length to the Zimmennann-reacting zone on the 2-mm. strips, are used 
for elution and quantitative detenninations. The 14-cm. sheets yield four 
2-cm. strips and one 1-cm. strip. The 2-cm. strips are also ruled off 2 mm. 
from each edge. The area remaining for quantitative detennination was 
1.6 cm. in width. 

Just before the urine extracts or ciystalline steroids are put on the 
paper, the paper is impregnated with a 1:1 mixture of either propylene 
glycol and methanol or phenyl Gellosolvc and methanol. The excess is 
removed by blotting. For reproducible results, these two mixtures should 
be freshly prepared. 

The solutions for quantitative determination are made up in benzene 
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and applied at the starting line as evenly as possible across the width of 
the strip, using micropipets (usually 100 /*!.), and drying the solution on 
the paper with a stream of nitrogen. Ten-microliter aliquots of each solu- 
tion are removed for quantitative Zimmermann determinations (page 
69). The standard reference compounds arc placed on the 1-cm. strip, 
the exact amounts not being determined. A minimum of 5 ^g. was used 
for the reference standard to ensure visualization with the Zimmermann 
reagent. 

Descending chromatograms were run with, as the mobile phase, hep- 
tane i)reviously equilibrated with either phenyl Cellosolve or propylene 
glycol. The tanks arc sealed with starch-glycerol paste (Burton et al., 
1950). It is essential to run the heptane-phenyl C'ellosolve chromato- 
grams in a tank maintained at 23° 2°C. The hcptanc-projiylenc glycol 

chromatograms giv(‘ satisfactoiy resolution at temperatures ranging from 
23° to 42°. The times of develofnnent will be discus.sed in detail in con- 
nection with chromatography of the urine extracts. The proiiylene glycol 
chromatograms arc allowed to dry by hanging them in the air at room 
temperature', but the phenyl Cellosolve chromatograms require drying in 
an oven at 90°C. for approximately 2 hours (until all odor of phenyl Cel- 
losolve has disappeared), us small traces of phenyl Ccdlosolve interfere 
with the Zimmermann reaction. 

17-Ketosteroid-containing zones from the 6-crn. strips are eluted 
•quantitatively by allowing them to stand overnight in 95*^) ethanol and 
washing them rei)eatedly. Tlio ethanol is removed in vacno, and all sam- 
ples are mad(‘ up to 10 ml. in benzene before aliquots arc taken for anal- 
ysis. The zones from the 2-cra. strips are not eluted (juantitatively. They 
are placed overnight in test tubes contaij)ing 10 ml. of 95% ethanol, and 
alicpiots are taken directly from this solution. These .steroids arc recovered 
in amounts ranging from 85 to 117%i after application of amounts as low 
as 90 jxg. The standard errors seen in the averages of 5 to 8 runs in which 
androsterone and etiocholanolone are se])arated from each other range 
frotn 2.5 to 6% of the amount of matiTial recovered. 

2. Preparation and Chroinatoriraphy of Urine Extracts 

The urines are hydrolyzed by boiling for 8 minutes with 159^ volumes 
of hydrochloric acid and extracted with ether (Kubin et al., 19541. After 
separation with the Girard’s reagent (see page 85), the digitonin-non])rc- 
cipitable (or a) fraction of the ketonic extracts is prepared (see page 
86). After determination of the 17-ketostoroid content by the Ziminer- 
mann reaction in terms of dehydroepiamlrostero.ne, the remainder of the 
(ixtract is transferred with benzene to a 3-ral. screw-cappc'd vial and 
dried by heating in a water bath at 90°-95°C. under a stream of nitrogen. 
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Just before the urinary extract is placed on paper, it is dissolved in a 
volume of benzene such that 1.0 mg. or less of 17-ketosteroid (by Zim- 
mermann reaction) is contained in 100 /xl. of solution. If the urinary 
extract contains 4-6.5 mg. of 17-ketosteroid, it is dissolved in 0.65 ml. of 
benzene. If fewer than 4 mg. are available for analysis, the extract is 
dissolved in 0.35 ml. of benzene, and the necessary changes in the routine 
technique are indicated in the proper places. Two 10-/xl. aliquots arc 
taken from each urine extract for the quantitative Ziramermann deter- 
mination. It must be known exactly how much 17-ketosteroid was put on 
each chromatogram in order to calculate back to the daily output of the 
various components. 

The aliquots taken for analysis of the components arc based on infor- 
mation as to the expected order of magnitude of the individual compo- 
nents. Four hundred microliters of solution are applied to each G-cm. 
strip, and the chromatograans arc allowed to develop for 24 hours in the 
heptane-propylene glycol system. All effluent is caught in a small beaker. 
Two hundred microlilers arc applied to a 2-cm. stri]>, and the chromato- 
grams are developed for 72 hours in heptane-propylene glycol. (When 
the total volume of solution is only 0.35 ml., 300 /xl. are applied to the 
6-cm. strip, and no 2-cm. chromatogram is prepared.) After the Zinimer- 
mann-positive zones arc; determined, the fractions are worked ui^ as 
follows: 

S. From the H-IIonr Chromatogram 

All material running faster than androsteronc is eluted quantitatively 
from the paper with 95% ethanol and combined with the effluent. After 
evaporation of the ethanol, the material is transferred with benzene to a 
15-ml, centrifuge tube and dried in the water bath under nitrogen. This 
material is then applied quantitatively to a 2-cm. strip impregnated with 
phenyl Cellosolve methanol, and allowed to run for 18 hours in the 
heptane-phenyl Cellosolve system. The effluent is again collected, and the 
Zimmormann values for the effluent are added to the figure determined 
from the zone ascribed to androst-2(or 3)-en-17-one, which is usually at 
the end of the strip. The other compounds determined in this chromato- 
gram are 3y8-chloroandrost-5-en-17-one, the component termed “II,” a 
mixture of the etiocholanolone acetate and 3»-acetoxy-5^-androst-9(ll)- 
en-17-onc, and some small amount of androsterone, remaining at the 
starting line, whose value can be added to that of the androsterone zone. 
Instead of being eluted quantitatively, the cutout zones are placed in 
10 ml. of ethanol for 16 or more hours and aliquots taken for quantitative 
determination. 
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The androsterone zone is eluted quantitatively with ethanol. The 
ethanol is evaporated, and the residue is dissolved in 10 ml. of benzene. 
Aliquots of 0.25 and 0.5 ml. are taken for quantitative Zimmermann de- 
terminations, and 8.5 ml. arc dried down in a 15-ml. centrifuge tube, 
under nitrogen. After the Zimmermann content of the material in the 
centrifuge tube has been determined, sufficient pcrbenzoic acid, dissolved 
in benzene, is added to the dried residue to oxidize the 3a-hydroxy-5a- 
androst-9(ll)-en-17-one to the 9,11-epoxide. The solution of perbcnzoic 
acid contains approximately 23 mg. per milliliter, and 0.2 ml. of perbcnzoic 
acid solution is added for each 600 /ig. of combined androsterone and 
3a-hydroxy-6a-androst-9(l l)-en-17-onc. The reaction is permitted to pro- 
ceed for 5 hours at 5°-7°C. The material is then washed into a 125-ml. 
separatory funnel, with about 30 ml. of ethyl acetate. The ethyl acetate 
is washed with sodium bisulfite, 5% sodium bicarbonate, and then 
with water until neutral to litmus. The ethyl acetate is removed in vacuo, 
the residue is transferred quantitatively with benzene to a 15-nd. cen- 
( rifuge tube, and the benzene is removed. The residue is a]>plied, in ben- 
zene solution, to a 2-cm. strip, and chromatographed for 24 hours in the 
licptane-i)ropylene glycol system. Crj'stalline androstoj-one is used for a 
reference standard. The major zone, moving slower than androsterone 
which appears in these chromatograms, has been shown by infrared anal- 
ysis to be the 9,11-epoxide of androsterone. Repeated studios of the pcr- 
benzoic acid oxidation have demonstrated that the amount of epoxide 
determined by the foregoing procedure represents 81 ^ 2.5% of the 
amount of 3a-hydroxy-5a-androst-9(ll)-en-17-oiie present before oxida- 
tion. From this it is possible to calculate the amount of the compound 
excreted per day. The daily androsterone excretion, then, is the value cal- 
culated from the androsterone zone, minus the value of the A”f“'-unsatu- 
rated compound, and plus the daily value of the .')a-andi’Ost-2(or 3)-en- 
17-one. 

The etiocholanolonc zone is treated similarly to the androsterone zone. 
A 48-hour oxidation time is necessary for optimum oxidation of 3a- 
hydroxy-5)8-androst-9(ll)-cn-17-onc. The cluomatogram of the oxidized 
material is developed for 48 hours. The major zone appearing on oxida- 
tion of 3a-hydroxy-5/3androst-9(ll)-en-17-one is the 9(11) -epoxide. The 
oxidation product accounts for 08 * 1 ,3% of the starting material, under 
the conditions defined. 

When the total amount of 17-ketostcroid is less than 4 mg. and the 
volume of benzene solution only 0.35 ml., the zone from the 24-hour chro- 
matogram between the etiocholanolonc zone and the starting line is eluted 
quantitatively. The eluted material is then chromatographed on a 2-cm. 
strip for 72 hours in heptane-propylene glycol. 
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From the 72-Hour Chromatogram 

The following components arc obtained from analysis of the 72-hour 
chromatogram: 11-kctoandrostcronc, 11-ketoetiocholanolone, and an un- 
resolved residue which gives an atypical, brownish Zimmermann color. 
When any significant concentration of 1 1 -hydroxy lated 17-ketostcroids is 
present, they can also be seen and determined in this unresolved residual 
zone. 


13. fbuniENT Elution Method of IjAk.shvanan and 
Liebebman (1954) 

For this jirocedure, llarshaw chromatographic alumina [A1-0109-FJ, 
which passes a No. 200 mesh sieve, is equilibrated in a desiccator with 
NaBr • 2 H 2 O for a 5-day period so that the moisture content is between 
7 and 8%. The column is prepared by gradually pouring 15 gm. of the 
prepared alumina into a benzene-filled tube containing a plug of ab- 
sorbent cotton which had been tamped with a glass rod. SuflBcient air pres- 
sure is applied so that an outflow rate of 2.5 ml. per minute is maintained. 
After the excess benzene has run out, the urinary extract, containing be- 
tween 5 and 10 mg. of total 17-ketostcroid8 and dissolved in 10 ra^ of 
benzene, is carefully poured onto the column. The total neutral fraction 
is usually suitable for the fractionation by this method, which means that 
neither Girard nor digitonin separation need be done. When this solution 
has percolated through the column a second 10-ml. portion of benzene is 
added. When the level of benzene is about 1-2 cm. above the top of the 
alumina, the gradient elution procedure is started. An apparatus for this 
jnirpose i.s described by Lakshmanan and Lieberman (1954). The initial 
volume of benzene in the mixing chamber (F©) is 700 ml., while the 
dropping funnel contains an ethanol-benzene mixture (Co) equal to 4% 
ethanol (v/v). The inflow rate into the mixing chamber {Ri) should be 
0.33 ml. per minute and the outflow (F 2 ) 2.5 ml. per minute. 

Twenty fractions, each 10 ml. in volume, followed successively by 
40- to 5-ml. fractions and 35- to 10-ml. fractions are collected. The col- 
umn is now washed twice with 10 ml. each of 2% ethanol-benzene, twice 
with 10 ml. of 4% ethanol-benzene, and finally with 10 ml. of 5% 
ethanol-benzene. 

Each fraction is assayed for 17-ketosteroids using the Zimmermann 
reaction (see page 69) and the values obtained are plotted against the 
tube numbers. The identity of the individual fractions may be verified 
by infrared analysi.s. 
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C. Gradient Elution Method of Kellie and Wade (1957) 

This method involves the hydrolysis of the 17-ketosteroid glucuron* 
ides with ^-glucuronidase (prepared from Patella vulgata) , followed by 
continuous extraction of the free 17-ketosteroids from their sulfate esters 
by continuous extraction of an acidified aqueous solution with ether. By 
this procedure the separated individual 17-kctostoroids may be quanti- 
tated as well as categorized as to sulfate and glucuronide conjugation. 

The fresh urine after the addition of solid (NH4)2S04 (50 gm./lOO 
ml. of urine) is shaken in a separately funnel until all the salt is in solu- 
tion. The solution is extracted 3 times with I volume of 3:1 ether-ethanol 
mixture. The combined ether-ethanol layers are filtered and evaporated 
to dryness under reduced pressure. To remove the last traces of (NH*) 2SO4 
the dry gum is dissolved in absolute ethanol (about 1/10 of the original 
urine volume) and filtered into the vessel which will be used for the en- 
zyme hydrolysis. The ethanol is evaporated to dryness by heating below 
40°G. or in a stream of nitrogen. 

The dried residue (from i of a 24-hour urine sample) containing the 
conjugates is dissolved in 0.5 M sodium acetate buffer and 200 mg. of 
KIT2PO4 added. Then 100 mg. of a jiowder dcri^-ed from Patella vulgata 
according to the method of Dodgson and Spencer (1953) and containing 

100.000 units is homogenized in 20 ml. of sodium acetate buffer and 
added to the solution containing the conjugates. An additional 5 ml. of 
buffer is used to wash the flask containing the enzyme and added to the 
mixture. Penicillin G (80,000 units) is added, hydrolysis carried out at 
40°C. for IG hours, the free steroids removed with benzene (2 X 20 ml. 
follow’ed by 1 X 10 ml.) , centrifuged at 2000 r.p.m. for 2 minutes to break 
the emulsion, and the benzene layer removed with a pipet. The combined 
benzene extracts are washed with 1 N NaOH (3x5 ml.) , then with water 
until the wash waters are neutral, dried over anhydrous Na2S04, and the 
benzene removed. This fraction contains those 17-ketosteroids which were 
conjugated as glucuronides. 

The aqueous layer, after benzene extraction, contains the svdfatc 
esters of the 17-ketosteroids, is diluted to 100 ml., the pH adjusted to 

1.0 with HCl, and the solution extracted continuously with ether in a 
liquid-liquid extractor for 72 hours. The ether layer is wa.shed 3 times 
with 10-ml. volumes of 1 iV NaOH, and finally with water to remove the 
alkali. The washed ether layer is dried over anhydrous sodium sulfate 
and the ether evaporated to diyncss. This residue now constitutes the 
17-ketostoroid fraction derivable from the sulfates. 
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The extracts are subjected to gradient elution using an alumina- 
adsorption column and a gradient of ethanol in benzene. The method is 
similar to that of Lakshmanan and Lieberman (1954). The excellency 
of the separation is illustrated by the fact that androsterone, etiocholano- 
lonc, 11-kctoctiocliolanolone, 11-ketoandrosterone, lljS-hydroxyctiocho- 
lanolonc, and 11/3-hydroxyandrosterone could be efficiently and sharply 
se]iaratcd. 


VII. 17-Ketosleroids in Plasma and Serum 

A. Method of Migeoh and Placser (1955) 

This method requires 25 nil. of plasma and consists of an ethanol ex- 
traction, evaporation of ethanol and solution of the residue in water, con- 
tinuous extraction with ether at pll 0.8 for 48 hours, washing of tlic ether 
extract with sodium bicarbonate and water, chromatography on a Florisil 
column, removal of phenols with 1 N NaOll, paptT chromatography, anil 
quantitation of the dehydroe]>iandrosteronc and andro.sterone by a micro 
Zimmermann methotl. 

Recoveries of dehydroepiandrosterone and androsterone were detm- 
mined to be 72 to 80% and a 20% variation could be expected in dupli- 
cate determinations. The individual steps in the procedure as suggested 
by the authors are lecorded in Table 

The significance of this method is not clear sinc(‘ no difference could 
be demonstrated between the values for plasma in men and women. For 
15 normal adult nudes (age not specified) the dehydroepiandrosterone 
was reported to be 40.5(29 -69) /^g./J 00 ml. of plasma and that of andros- 
terone 18(9-39)/ig./100 ml. The levels were rejiorled to vaiy somewhat 
with the menstrual cycle but w(“re not significantly different from those 
of men (Migeon, 1954). 


B. Method of Saier cL «/. (1959) 

Raier H al. (1959) have described a combined method for the deter- 
mination of corticoids and 17-ketosteroids in serum based in part on the 
Nelson-Samuels (1952) and Eik-Nes et ol. (1953) procedures for corti- 
coids and the Burstein-Lieberman (1958) solvolysis method for the lib- 
eration of free dehydroejiiandrosterone from its sulfate ester. Eight nor- 
mal men (ages not specified) had a mean value of total 17-ketosteroids 
of 79 /ig. per milliliter of serum with a range of 19.9 to 122, while the 
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Method for Measurement of DIIA and Androsterone 
IN Peripheral Vein Plasma op Man* 


/. Ethanol extraction 

20 ml. plasma 4- KX) ml. Kt.OlI: stir, centrifuge, remove EtOH extract. 

Wash protein residue with 50 ml. EtOll, centrifuge, juld EtOli to first extract. 
Evaporate EtOH: add 25 ml. water. 

J. Coniinnoufi extraction 

Adjust pH to O.S-1.0 wdth 112804 . 

Extract for 24 to 48 hours with etluT. 

,'l Washing of the extract 

Reduce ether volume to approximately 150 ml. 

Wash with 10% NalKXXi (10 ml. X 2) and water (20 ml. X 2). 

Distribute ether equally in two flasks and evaporaW to dryness. 

Jf. Column chromatography 
Prepare two Florisil columns. 

Dissolve each half-extract in exactly 20 ml. of ClUUa and pour over (?ach f‘olumn. 
Elute witli 35 ml. of 2%; MeOll 'mCWCh, 

n. Removal of phenols 

(Continue tlie two eliiah's and wash with 1 N NaOH (10 ml. X 2) and wah^r 
(20 ml. X 2). 

0. Pap(r chromatography 
Evaporate' I/O dryiit'ss, 

Tra-nsfer extract onto paper, with DHA and androsterone alongside, 
(’hroinatograpli in Bush light petroleum-methanol :\vat(?r (85:15) syst(‘m. 

Ehite area of chromatogram corresponding to DIIA and androsterone. 

7. Micro Zimwennann r( action. 


" From Migeon and Plag(‘r (1055). 


(lehydrocpiniidrostcrone value wn.s 38.2 /xg. per luilliliter (rnngi* Id-lOl.O). 
Values for noriual women were also reported but no data as to age or 
phase of menstrual eycle were included in the report. The fiflAMjn normal 
women had a total 17-ketosteroid value of 94.5 /xg./lOO ml. of serum 
(range 22.6-162), while the mean value for dehydroepiandrosteronc was 
50.5 (range 3.0-116). 

Serum is prepaj’ed from 25-30 ml. of whole blood and poured into a 
50-ml. P>lenmeyor flask. It is recommended that serum be frozen within 
an hour of the blood collection and that the serum be analyzed within 1 
week of freezing. The scrum (10 ml.) is extracted 3 times with 15 ml. of 
redistilled chloroform and the aqueous portion used for the 17-kelost<eroid 
determination. 
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Extraction, Chromatography, and Solvent Partition of Serum 
17~Keto8teroids 

1. Ethyl-acetate extraction 

(c) Drain the aqueous portion obtained in Section VII, from the 
separatory funnel into a graduate. 

(b) Rinse the funnel with water and add the rinsings to the grad- 
uate to make the volume up to 16 ml. 

(c) Transfer to a 125-ml. Erlenmcyer flask and add an additional 
16 ml. of water. Use this water to rinse the graduate. The total 
volume is now approximately 32 ml. 

(d) Adjust pH to 1.0 with a few drops of 18 V H2SO4. 

(e) Add 3.6 ml. of 18 N H2SO4 to make a 2 A solution. 

(/) Add 40 ml. of ethyl acetate to the acidified emulsion, swirl, 
and mix well. 

(g) Transfer to 50-nil. round-bottomed centrifuge tubes, cap with 
foil, and centrifuge 10 minutes. 

(b) Decant the clear ethyl-acetate extract into a clean 125-m]. 
Erlenmeycr flask. 

(i) Wash the precipitated material 4 times with 10-ml. portions 
of ethyl acetate. * 

ii) Centrifuge for 5 to 10 minutes after each wash and combine 
the ethyl-acetate extracts. 

S. Hydrolysis {solvolysis in ethyl jicetate) 

Incubate the combined ethyl-acetate extracts from Part 1 above at 

37°C. for 24 hours. 

S. Removal of phenolic, acidic, and pigmented material 

(а) Wash the ethyl-acetate extract from Part 2 above once with 
an equal volume of 1% NaHCOs. 

(б) Filter into an Erlenmeyer flask and evaporate to diyness with 
an impinging air stream. 

(c) Add 5 ml. of repurified redistilled ethylene chloride to the dry 
residue. Rinse flask twice with 2.6 ml. of ethylene chloride to 
make a total volume of 10 ml. of ethylene chloride. 

(d) Transfer to a 50-ml. stoppered centrifuge tube. 

(e) Add approximately 20 pellets of NaOH, stopper, and shake 15 
minutes in a shaker (Drektcr et al., 1952). 

4- Column chromatography 

(o) Prepare a column (10 mm. in diameter) with 3 gm. of Florisil. 
Tap Florisil into column. 

(6) Wash column with 10 ml. of ethylene chloride and discard. 
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(c) Filter the ethylene-chloride extract from Part 3 through a 
No. 1 Whatman filter paper directly onto the column. Hinse the 
centrifuge tube with 2.5 ml. of ethylene chloride and add to the 
column. 

(d) Elute with 35 ml. of 2^ methanol in redistilled CHCI3 and 
collect the entire 47 ml. into an Evelyn colorimeter tube or 
flask. 

(e) Evajiarate to dryness with an impinging air stream. 

5. /Solvent 'partition 

(a) Take up residue from Part 4 above in 3 ml. of 70% ethanol. 

(b) Add 3 ml. of hexane and shake 15 seconds. 

(c) Centrifuge and remove hexane with suction. 

<d) Repeat (b) and (c) twice. 

(e) Add 3 ml. of water to the ethanol extract and 6 ml. of repuri- 
fied ethylene chloride. 

( /) Shake well and transfer to a calibrated 15-ml. centrifuge tube. 

( (]) Rinse the Evelyn colorimeter tube with an additional 1 ml. of 
ethylene chloride and add to the calibrated tube. 

(h) Stir and centrifuge 10 minutes. 

H) Remove aqueous ethanol layer with suction (total volume 
remaining, 7.5 ml.) . 

(j) i’ipet 2.5 ml. of the remaining 7.5 ml. of ethanol-chloride ex- 
tract into a standard t('st tube and evaporate to dryness with 
air. This portion is used for determination of dehydroepian- 
drosterone by a micromodification of the Allen et al. (1950) 
method. 

(k) The remaining 5-ml. portion of ethylene chloride is transferred 
to an Evelyn colorimeter tube, the centrifuge tube being rinsed 
with an additional 0.5 ml. of ethylene chloride. The contents of 
the Evelyn tube are evaporated to dryness with an air stream. 
This portion is used for determination of total 17-kclosteroids 
by the micro Zimmermann method. 

C. Method of Gardner (1953) 

This method for total 17-ketosteroids in plasma involves treatment 
with acid to liberate the free steroids, column chromatography using 
Florisil, and a Zimmennann method for the quantitation. Normal adult 
(age not specified) men’s plasma had values varying from 40 to 130 
/ig./lOO ml. of plasma and normal women had plasma values between 
25 to 100 /ig /lOO Patients with untreated congenital adrenal hyper- 
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plasia had elevated values varying from 80 to 360 /*g. An adrenalec- 
tomised'oophorectomized woman had no detectable amount of 17-ketos* 
teroids. 

Plasma (6-10 ml.) is boiled with 25 ml. of 10% HCl on a hot plate 
for 12 minutes. The flask is cooled and the contents transferred to a 
250-ml. centrifuge tube. The contents are stirred with 25 ml. of ether 
and centrifuged to break the emulsions. The ether is removed and the 
process repeated 3 more times. The combined ether layers are washed 
with three 25-ml. portions of 10% NaOH and finally with water to re- 
move all the alkali. The ether is removed by evaporation, the residue 
dissolved in 20 ml. of 70% ethanol, and the aquedus-ethanol solution 
washed 3 times with 15 ml. of hexane. The aqueous-ethanolic solution 
is diluted with 10 ml. of distilled water and extracted 3 times with 
15-ml. portions of chloroform. The combined chloroform extracts were 
reduced to a volume of 12 ml. Three grams of Florisil were placed in 
a chromatographic column of 10 mm. inside diameter and the column 
washed with 30 ml. of chloroform followed by addition of the 12 ml. 
of the sample in chloroform. The column was developed with an ad- 
ditional 35 ml. of chlorofonn and approximately 47 ml. of eluate col- 
lected. The eluate is concentrated to dryness and used for analysis 
using a micro Zimmermann procedure. 


YIII. The ZimmeriiMinn Reaction 

« 

A. Method of Callow et al. (1938) 
This method is described in Section V, F. 


B. Method of Holtorff and Kooh (1940) 

The reagents consist of a 2% solution of m-dinitrobenzene in 95% 
redistilled ethanol and 6.00 N aqueous KOH (electrolytic grade). The 
latter solution should be protected with a paraffin seal to prevent any 
significant accumulation of carbonate. 

Procedure 

Into a photometer tube are accurately measured 0.2 ml. of solution or 
0.2 ml. of redistilled 95% ethanol for blank, 0.2 ml. of m-dinitrobenzenc 
solution, and 0.2 ml. of 6.0 N KOH solution. The tubes are then corked, 
gently shaken, and placed in a water bath for 90 minutes at 25° ± 0.2°C. 
At the end of 90 minutes the solution is diluted with 10 ml. of redistilled 
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959& ethanol. After tiie outside of the tube is dried and polished, it is 
placed in a rack for 3 minutes, and the optical density is measured, 
after the zero density point of the photometer is set with the blank. 
The 17-ketosteroid content of the test material is determined from the 
i^ 62 oo value by reference to a calibration curve constructed from measure- 
ments with androsterone or dehydroepiandrosterone. It has frequently 
been found advisable to run standards with each test run. 

A number of 17-ket08teroid methods have employed a procedure in- 
volving the extraction of the pink chromogen with an organic solvent. 
Reference to the method of Peterson and Pierce (1960) has been made 
on page 65. Other methods using this principle include those of Cahen 
and Salter (1944), Zimmermann and Anton (1952), Rupert (1952), 
Masuda and Thuline (1953), and Worbin and Ong (1954). 


IX. Preparation of Neutral Ketonic Fractions 

For certain procedures it is highly desirable to prepare the 17- 
ketosteroid fraction in as purified a state as possible. A case in point 
is the analysis of the individual 17-kotostoroids by paper chromatography 
(see page 72). Girard and Sandulcsco (1936) suggested certain reagents 
which can be used for this purpose. One of these reagents, Girard reagent 
T (trimethylaminoacetohydrazide chloride), has been used extensively 
since it reacts with ketone groups leading to water-soluble products, 
while the nonketonic compounds remain lipid soluble and can be sepa- 
rated by a suitable solvent. The free 17-ketosteroids may be regenerated 
by hydrolysis with mineral acid followed by extraction with a lipid 
solvent. Two procedures which have been used successfully for urinary 
17-ketosteroids are described in the following sections. 

A. Method of Talbot et al. (1940) 

The diy residue of the total neutral fraction derived from a liter 
of urine is dissolved in 4 ml. of 95% ethanol, and, after addition of 0.5 
ml. of glacial acetic acid and 0.5 gm. of Girard’s reagent T, the solution 
is refluxed for 1 hour on a water bath. After the solution has been 
cooled and 40 gm. of ice added, 3 ml. of 2 iV sodium hydroxide are 
added, and the mixture is extracted 4 times with 40-ml. portions of 
ethyl ether. The combined ethereal extracts, after being washed 3 times 
with 20-ral. portions of water, are evaporated to dryness. This residue 
constitutes the nonketonic neutral fraction. To the water washings of 
the above ether extract 1 ml. of concentrated sulfuric acid and 20 ml. of 
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ethyl ether are added. After the mixture has stood for at least 2 hours 
at room temperature, 1 ml. of concentrated sulfuric acid is added, to 
facilitate the extraction of the ketones, and the mixture is extracted 4 
times with 40-ml. portions of ether. The combined ethereal extracts are 
washed with 20-ml. portions of water until the wash water is neutral 
in reaction. The ether layer is evaporated to dryness, and the residue 
constitutes the neutral ketonic fraction. 


B. Method of Pincus and Peablman (1941) 

The total neutral rensidue from 1 liter of urine is thoroughly dried in 
a Pyrex test tube over calcium chloride in a vacuum desiccator; 0.5 ml. 
glacial acetic acid and approximately 100 mg. of Girard’s reagent T are 
added. The tube is loosely stoppered with cork wrapped in aluminum 
foil and placed in an oil bath at 90° to 100°C. for 20 minutes. The tube 
is cooled, 15 ml. of ice water are added, and the reaction mixture is 
immediately transferred to a small separatory funn(^l. Sufficient W'/o 
NaOH is added to neutralize 9/10 of the acetic acid. The mixture is ex- 
tracted with three 20-iTd. {lortions of ether. An aqueous wash is combined 
with the main aqueous fraction. The layer contains the nonketonic com- 
pounds and may be discarded. The aqueous fraction which contains the 
kctonic compounds (17-kctosteroids included) is acidified with 3 ml. of 
concentrated hydrochloric acid, allowed to stand at room tcmperatui’e 
for 2 hours, and then extracted 3 times with 20-ml. portions of ctlier. 
The ether is washed with 10 ml. of 2.5^- sodium carbonate and 3 times 
with 10-ml. portions of water, or until the wash water is neutral in re- 
action. The ether is evaporated to dryness, and the residue constitutijs 
the neutral ketonic fraction. 


X. Preparation of the ^-IT-Kctosleroid Fraction 

The alcoholic group at position 3 in 17-ketosteroids may be either 
in the as or trans position compared to the angular methyl group at 
carbon 10. Conventionally, the cis form has been designated as 3/8 while 
the 17-ketosteroid having the 3-hydroxy trans configuration is designated 
as the 3a-hydroxy form. Digitonin, a steroid saponin, under certain con- 
trolled conditions usually precipitates those steroids having a 3;8-hydroxy 
configuration and in the 17-ketosteroid series may be designated as j8-17- 
ketosteroids. Dehydroei)iandrostorone, present both in urine and plasma, 
is the most significant member of the group, and relatively specific. 
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simple, and efficient methods are described in Section II. A number of 
useful methods involving digitonin precipitation arc described in this 
section and may be of value for special stiidies. 


A. Method of Frame (1944) 

Tlic total neutral fraction or the neutral ketonic fraction from 2 
liters of urine (containing about 15 mg. of 17-ketosteroids) is dissolved 
in absolute ethanol and transferred quantitatively to a calibrated 15-ml. 
centrifuge tube and warmed. To the ethanol solution is added a warm 
.solution of digitonin in such proportions of absolute alcohol and water 
that the final concentration of digitonin is 1 % in 90% ethanol. At least 
14 mg. of digitonin should be allowed for each milligram of 17-ketosteroid 
expected in the test solution. The tube is stoppered, centrifuged for 10 
minutes at about 200 r.p.m., and the supernatant ])oured off into a 
250-ml. separatory funnel. The j)recii)itate, which contains the beta 
fraction, is washed 3 times with 10-ml. portions of ether, with stining 
and centrifuging after each addition. The ether washings are added to 
the supernatant on the separatory funnel. The combined ether extracts 
are washed 3 times with 25-ml. portions of water, the ether solution is 
drawn into a flask, evaporated under reduced pressure, and dried in a 
desiccator over calcium chloride. This fraction contains the material 
which is not pnscipi table by digitonin and which is designated the alpha 
fraction. 

The precii)itate remaining in the centrifuge tube (beta fraction) is 
dissolved in 0.5 ml. of dry pyridine and heated for 3 minutes in a hot 
w'ater bath. Aftcu' the mixture is cooled, 10 ml. of anhydrous ether are 
added to precipitate the digitonin, and the tube is centrifuged for 10 
minutes. The siqx'rnatant, containing the beta fraction, is poured into 
a 250-ml. separatory funnel, and the pyridine-ether treatment of the 
precipitate is repeated. The remaining precipitate is washed twice with 
10 ml. of ether, with stirring and centrifuging each time. The combined 
ether-pyridine solution is washed 3 times with 10-ml. portions of 2 AT 
sulfuric acid to remove the pyridine and 3 times wdth 25-ml. portions 
of water to remove the sulfuric acid. The ether solution is evaporated 
to dryness, the residue constitutes the )3-kctonic neutral fraction. 

When the starting volume is greater than 3 ml., that is, when more 
than 30 mg. of digitonin are required to precipitate the beta fraction, 
it is preferable to carry out the separations in a 50-ml. centrifuge tube. 
The procedure here is identical with that outlined above, except that 
26-ml. portions of ether, 1.0- or 1.5-ml. portions of pyridine, and 20- to 
25-ml. portions of acid are used. 
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B. Method of Butt et al. (1948) 

An amount of urine containing 1.0-1.6 mg. of 17-ketosteroids is trans- 
ferred to a graduated centrifuge tube and evaporated to dryness under 
reduced pressure. Warm digitonin solution [0.75 ml. of 1% solution in 
90% (v/v) ethanol] is added, and the mixture is quickly heated to 
boiling in order to dissolve as much of the material as possible. The 
tube is stoppered and left in a refrigerator overnight. A total of 10 ml. 
of peroxide-free ether is then added in small portions, with stirring after 
each addition, and the precipitated digitonin and digitonides are allowed 
to flocculate before the last 2-3 ml. are added. After centrifuging, the 
supernatant is decanted into a separatory funnel, and the precipitate 
is washed 3 times with 5-ml. portions of ether, with stirring and 
centrifuging each time. The combined supernatants are washed 3 times 
with 5-ml. portions of water, and are then evaporated to dryness under 
reduced pressure. The residue constitutes the a-ketonic fraction. The 
precipitate, containing the j8-ketonic substances, is dissolved in 0.25 ml. 
of dry pyridine, warmed to 60°-70“C. for 3 minutes, cooled, and 5 ml. 
of ether added in portions, stirred, and the precipitate is allowed to 
flocculate. The mixture is centrifuged, and the precipitate is again treated 
with pyridine and ether, and the final residue washed twice with 5-<nl. 
portions of ether. The combined extracts are washed twice with 5-ml. 
portions of water, and then evaporated to dryness under reduced pres- 
sure. The residue is the )8-ketonic fraction. 


XI. Miscellaneous Methods 

Polarographic methods for the determination of 17-kctosteroids have 
been shown to be accurate and dependable but have not enjoyed wide 
popularity. Wolfe et al. (1940) and Hershberg et al. (1941) reacted 17- 
ketosteroids with the Girard reagent T and the specific half-wave po- 
tential of hydrazones so formed used for the determination. This method 
was further developed by Barnett et al. (1946a, b). Butt et al. (1948), 
and by Butt (1950). Good agreement was found between values obtained 
by the Zimmermann methods and those obtained by the polarographic 
technique as evidenced by a correlation coeflScient of 0.87 for the values 
obtained on the same urines by the two methods. 
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luteum of the ovaiy produces a hormone which, besides having other 
effects, is responsible for the secretory transformation of the uterine 
mucosa. On the basis of these investigations, Comer and Allen (1929) 
developed a relatively simple biological assay for the hormone. This 
method proved to be of fundamental importance for the isolation of the 
genuine hormonal substance: it provided a quantitative assay of ma- 
terial obtained by chemical extraction procedures. 

Comer and Allen in 1929 obtained active extracts from corpora lutea 
of sows. Their method was based originally on a principle employed 
for the first time for luteal tissue by Herrmann (1915), consisting es- 
sentially in the extraction of the lipids by hot alcohol and the subse- 
quent precipitation of the phospholipids from an ethereal solution by 
the addition of acetone. Within a short time after its publication the 
method was improved, and three groups. Pels and Slotta (1931) in 
Breslau, Fevold and Hisaw (1932; Fevold et al., 1932) in Wisconsin, and 
Allen (1932) in Rochester, New York, were able to prepare highly active 
crystalline material from pig corpora lutea. 

After further improvements in the purification techniques, Butenandt 
et al. (1934b; Butenandt and Westphal, 1934a) in Danzig and Berlin, 
Hartmann and Wettstein (1934a, b) in Basle, Slotta et al. (1934) in Bres- 
lau, and Wintersteiner and Allen (1934; Allen and Wintersteiner, 1^34) 
in New York and Rochester, New York, independently succeeded in 
the isolation of the corpus luteum hormone, later named progesterone. 
In the same year the stmeture was elucidated and shown to be correct 
by several synthetic methods (Butenandt et al., 1934a; Butenandt and 
Westphal, 1934b; Fernholz, 1934; Butenandt and Schmidt, 1934). 

The methods developed by the groups just mentioned contained 
numerous valuable observations for future efforts toward devising chemi- 
cal procedures for the determination of progesterone. The first attempt 
in this direction was made by Reynolds and Ginsburg (1942). Starting 
with the extraction and pmification procedure of Allen (1932), they 
used, for the quantitative measurement, the maximal ultraviolet ab- 
sorption at 240 m /1 which progesterone and other A*-3-ketosteroids ex- 
hibit. Although it was possible to detect 0.1-5.0 mg. progesterone added 
to 10 ml. of serum the method suffered from a lack of specificity and 
sensitivity. It failed to live up to expectations because at that time 
satisfactory microanalytical procedures for the separation of progesterone 
from other A*-3-ketosteroid8 were not available. 

At the same time, the determination of urinary pregnanediol received 
great attention (see Chapter 4). The routine estimation of this pro- 
gesterone metabolite was first introduced by Venning (1937, 1938) and 
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her work provided, although in an indirect fashion, new knowledge 
about progesterone as a precursor of pregnanediol. 

For a long time the quantitative determination of progesterone it- 
self in blood or tissues remained in the domain of biological assays. 
It early became evident that the sensitivity of the Comer-Alien test 
or any of its modifications could not be considered adequate for general 
routine use. But the biological microassay presented by Hooker and 
Forbes (1947), characterized by far greater sensitivity for progesterone, 
stimulated many research projects in this area. The relatively high 
values for blood progesterone found by this bioassay method stimulated 
a number of investigators to develop chemical methods for the determi- 
nation of progesterone. 

Haskins (1950), returning to the earlier efforts of Reynolds and Gins- 
burg (1942), introduced a simplified ether extraction of the plasma with- 
out further purification. For routine determinations of progesterone in 
plasma this was not successful, but Haskins employing this method fol- 
lowing intravenous injection of progesterone made some notable obser- 
vations which remain valid up to the present time. In the same year he 
tried for the first time to isolate progesterone by i)aper chromatography 
from commercially prepared oily vehicles employing a “monophasic" 
solvent system of 80% methanol (Haskins et al, 1950) . With this system 
progesterone ran essentially with the solvent front, but could be sepa- 
rated from the oil satisfactorily. 

At this stage it was obvious that the furth(;r development of micro- 
analytical chemical methods depended first of all upon the elaboration 
of reliable and more sensitive techniques for the se]>aration of proges- 
terone. 

Progressing in this direction a new method to measure progesterone 
in blood was described by Butt et al. (1951) who presented definite im- 
provements and simplifications of the extraction and preliminary frac- 
tionation procedure of Allen (1932). For the subsequent isolation of 
progesterone a partition chromatography on a Hyfio Supercel column was 
introduced, followed by a polarographic quantitative measurement of 
progesterone as the Girard complex. Values obtained for the progesterone 
in placental blood wdth this technique were confirmed later by other 
methods, but for the measurement of progesterone in peripheral blood 
the method still lacked sensitivity. 

A year later column chromatography and countercurrent distribution 
methods were successfully applied by Salhanick et al. (1952), Pearlman 
and Cerceo (1952), as well as by Diczfalusy (1952) for the isolation of 
progesterone from the human placenta. 
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It w&s the work of Zaffaroni and his co-workers (1950) and of Bush 
(1952) on the paper chromatographic separation of steroids, which ex- 
pedited further developments. Edgar (1953a), and independently Zander 
and Simmer (1954), starting with the somewhat modified extraction and 
purification procedure of Butt et al. (1951), isolated progesterone from 
the purified extracts using the paper chromatographic systems of Bush. 
For the quantitative measurement the absorbancy at 240 m/i was used 
as proposed by Reynolds and Ginsburg (1942). Subsequently these meth- 
ods found a broader practical application for the determination of pro- 
gesterone in blood and tissues under a variety of physiological conditions. 
Zander (1954) succeeded finally in the quantitative ’isolation of proges- 
terone from human pciipheral blood using infrared spectrophotometry 
for identification. It was found in these investigations that the proges- 
terone concentrations in the plasma of women during the second half of 
pregnancy varied between 3.9 and 26.8 /xg. in 100 ml. of plasma with an 
average of 14.2 /ig. These results indicated the range of sensitivity re- 
quired for methods of progesterone determination. These studies also 
settled the old controversy about the relatively high blood values that 
had been found with the IIookcr-Forbes test. 

Recent progress in the development of physicochemical methods for 
the routine determination of progesterone in blood and tissues has been 
rapid and extensive. Many new facts liavc been reported so that a first 
review of the field and the available methods seems justified. 

Table I summarizes the techniques that have been employed for ex- 
traction, preliminary purification, isolation, and quantitative estimation 
of progesterone. The vjirious methods will be discussed in detail in the 
subsequent sections. 


II. Extraction and Preliminary Purification 

A. Extraction with Organic Solvents, Re.movai. of Pkotei.vs 

AND OP Lipids 

In these studies, leading to the isolation and identification of pro- 
gesterone, as tliey have been surveyed in Section I, the lipids from the 
corpus luteum tissue were usually extracted by hot ethanol. The pre- 
cipitated proteins were discarded and the alcoholic extracts, after evapo- 
ration, were taken up in ether. This alcohol extraction is still success- 
fully applied in routine methods for the estimation of progesterone in 
plasma and tissues (Loy et al, 1957; Oertel et al, 1959; Simmer and 
Simmer, 1959). A mixture of ethanol and ether (3:1 v/v), well known 
for a long time in analytical chemistry of lipids, also proved to be ex- 
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tremely successful for the extraction of progesterone-containing material 
(Butt et al., 1951; Edgar, 1953; Zander and Simmer, 1954; Raeside and 
Turner, 1955) . After removal of the precipitated proteins the extracts are 
evaporated in vacuo to about 2-3 ml. and are diluted with water and then 
extracted with ethyl acetate or benzene (Zander and Simmer, 1954) . 

For the determination of progesterone in plasma and tissue, other 
solvents such as ether (Haskins, 1950; Hinsberg et al., 1956), ether- 
methylene chloride (4:1 v/v) (Sommerville and Deshpande, 1958), ace- 
tone (Pearlman and Thomas, 1953), ethyl acetate and a mixture of this 
solvent with benzene (Gorski et al., 1958) have been proposed. 

After the extraction with organic solvents practically all the lipids are 
in the solvent phase and thus it becomes necessary to separate the rela- 
tively fat-soluble progesterone from the lipid fraction. Subsequently it 
will be possible to isolate progesterone by chromatography in a state of 
purity suitable for microdetermination. Experience has shown that the 
immediate column or paper chromatography of inadequately prepurified 
extracts leads to insufiiciently pure progesterone fractions which cannot 
be properly estimated quantitatively. The chromatographic procedures 
yield at best only some preliminary purification and need to be supple- 
mented by other methods of separation (see Section III, B). 

In the course of his very early investigations, aimed at the prepara- 
tion of purified progestins, Allen (1932) developed useful methods for 
the removal of contaminating lipids from the extracts. He found that a 
simple distribution between methanol and petroleum ether yields 
a remarkable separation, which leaves the major portion of progesterone 
in the alcoholic phase. Far more effective however was the removal of 
lipids by freezing a 70% methanol solution of the crude extract. 

This procedure proved to be valuable also for routine determinations 
of progesterone in biological material (Butt et al., 1951; Edgar, 1953b; 
Zander and Simmer, 1954; Raeside and Turner, 1955; Gorski et al., 1958; 
Oertel et al., 1959). For this method the extracts have to be relatively 
protein free, because, otherwise, the freeze-precipitation of the neutral 
fats might be disturbed. 

The evaporated lipid extracts are dissolved in 70% methanol at about 
35‘’C. This procedure, because of the slow solubility of fat in 70% metha- 
nol, takes several minutes. (It is not advisable to dissolve the fatty 
extracts in absolute methanol and to dilute it with w’ater.) In the metha- 
nolic solution the neutral lipids are precipitable at —10" to — 15"C. and 
can be separated by centrifugation in a refrigerated centrifuge at about 
— 16"C. followed by decantation. Best results are obtained with a high- 
speed centrifuge, but 2000 to 3000 r.p.m. will be found reasonably satis- 
factory. Progesterone is then extracted with light petroleum ether after 
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dilution of the methanolic solution with water. [A low boiling petroleum 
ether fraction (35“-45‘*C.) is preferable, because the small amounts of 
fat which may have remained dissolve more easily in the higher boiling 
fractions.] 

From our experience in the laboratory even in extracts of high fat 
content one can recover 96% of added radioactive progesterone with a 
single freeze-precipitation. The petroleum ether extracts are suitable for 
further separation procedures including the sensitive paper chromato- 
graphic systems of Bush (1952) . As Kaufmann and Zander (1956) demon- 
strated, the method can be applied even to fat tissues. 

B. Extraction with Ether after Pretreatment with Alk.MvI 

For the extraction of progesterone from the corpus luteum of the 
whale. Prelog and Meistcr (1949) develojied a method which Ogata and 
Hirano (1933) originally used to obtain androgenically active testis 
extracts. To minced tissue is added an equal volume of 5% NaOH, so as 
to secure a final concentration of 2.5% NaOH in the mixture, which is 
subsequently covered with peroxide-free ether. The same principle has 
been used successfully for the isolation of progesterone from human jila- 
cental tissue (Salhunick et al., 1952; Pearlman and Cerceo, 1952; Di(®fa- 
lusy, 1952; Noall et al, 1953). 

When ether wa.s added immediately following the addition of NaOH 
to the tissue mash, the ether extracts *\ycre later found to contain con- 
siderable amounts of fatty material; Noall ct al (1953) observed that far 
purer extracts may be obtained if the NaOH treatment proceeds without 
ether overlay, and when the ether extraction is started 2 days after NaOH 
addition. With this modification Haskins (1954) dcveloiied a routine de- 
termination procedure for progesterone determination in human pla- 
centae. But, nevertheless, this much improved procedure still requires 
further thorough purification stcjis before the quantitative estimation of 
progesterone can be done. 

One essential point was learned from the alkali treatment studies, 
namely the recognition that progesterone is not nearly as sensitive to 
alkali as formerly assumed. Comparing the quantitative results of experi- 
ments in which placental tissue was extracted with ether after alkali 
treatment (Salhanick et al, 1952; Pearlman and Ccrceo, 1952; Diczfa- 
lusy, 1952; Noall et al, 1953; Haskins, 1954), with the results of those 
studies in which the alcohol-ether extraction w'as done without prelimi- 
nary alkali treatment (Zander and von Miinstermann, 1956) one sees that 
the differences are negligible. 

Sommerville and Deshpande (1958) and also Short (1958) adopted 
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the ether extraction technique after alkali treatment in modified form 
for the extraction of progesterone from plasma. The first group of work- 
ers added to plasma an equal volume of 0.33 N NaOH and extracted 
after 5 minutes of mechanical .stirring with an ether-racthylenc chloride 
mixture (4:1 v/v). The latter author added NaOH pellets or a 5% NaOH 
solution to give a final concentration of 0.5% NaOH in the plasma. After 
thorough stirring the plasma is extracted with ether. After evaporation 
of the ether one obtains a fairly woll-ptirified fraction by a simjde dis- 
tribution procedure between light petroleum and 70% methanol, which 
is suitable for further manipulation with sensitive chromatographic sepa- 
ration techniques. 

We conducted a comi)arative study (Zamler, 1959, unpublished re- 
sults) with 19 samples of pooled human cord plasma, 10 of which were 
extracted according to Short after alkali treatment, while 9 samples were 
extracted without pretreatraent with alkali according to tlic method of 
Zander and Simmer with ethanol-ether (3:1 v/v). The results were as 
follow.s. Both methods yielded the same average progesterone concen- 
tration (32.2 fig. /lOO ml. plasma). The precision (sec Section VI, C) was 
better with alkali treatment (S.D. ±2.1) tlian without alkali treatment 
(S.D. ±0.4). I We have recently inmroved the precision of the latter 
method (see Table VI).] 

It can be stated widiout hesitation tliat the ether extraction after 
alkali protreatment is of great value for proge.'sterono determination, es- 
pecially in i)lasma. 'Plio method is siinjile and practicable ajid giv(!s re.sidts 
equivah;nt to those obtained with the methods described in Sctction II, A. 
The distinct disadvantage is that the alkali technique does not permit 
simultaneous assays for s(eroi<ls which are more sensitive to alkali than 
is progesterone. 

C. Skcaration of Ke'U)nf.s with ( iuiard’s RF.Ar,E.NT T 

The condensation of ketones with reagent T of (lirard ((iirard and 
Sandule.sco, 1936), often used in working with steroids, was useful for the 
separation of the ketonic fi'aetion before isolating progesterone. Prolog 
and Meister (1949), by use of this technique, were able to obtain a re- 
markable degree of purity in working with the concentrated ether ex- 
tracts of whale corpora lutea treated with alkali. Repeated reaction's with 
Girard’s reagent yielded 8.53 gin. of a ketonic fraction from 119 grn. of 
extract. The use of this technique pcrmittijd the isolation of progesterone 
from large quantities of human placentas (Pearlman and Cerceo, 1952; 
Diczfalusy, 1952; Noall et ai, 1953; Haskins, 1954). Pearlman and 
Thomas (1953) made use of this separation of the ketonic fraction for 
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the isolation of progesterone from pooled human cord blood. The method, 
however, has yet to find a place in the procedure for the routine micro- 
analytical determination of progesterone. 


III. Isolation of Progesterone from Purified Extracts 

A. COUNTEBCUHRENT DISTRIBUTION 

Countercurrent distribution as introduced by Craig et al. (1945) has 
been applied to the isolation of progesterone fror^ human placenta by 
Pearlman and Cerceo (1952) and Diczfalusy (1952), from umbilical 
venous blood by Pearlman and Thomas (1953), and, furthermore, from 
luteal tissue by Loy et al. (1957). 

Pearlman and Cerceo (1952) treated the extracted material after pre- 
liminary purification with reagent T of Girard and Sandulesco (1936), 
The kctonic material thus obtained was subjected to an 8- transfer dis- 
tribution. The solvent system employed was petroleum ether ; 70% meth- 
anol (3:1 v/v). The partition coefficient (K) of progesterone in this sys- 
tem was found to be 1.0. The same system was chosen by Loy et al. 

TABLE IT 

Vartition Coefficient (K) or Pkogestebonk 
AND Other A^-3-Ketostf,roid8 


Solvent systenri 


Compound 

Petroleum 

ether: 

70% 

methanol 

(equal 

volumes)* 

Petroleum 

ether: 

34.6%. 

ethanol 

(equal 

volumes)^ 

rt-Hexanc: 

48.4%. 

ethanol 

(equal 

volumes)*' 

n-Hexfine: 

38.8% 

ethanol 

(equal 

volumes)® 

Progesterone 

0.33 

3.65 

1.03 

3.35 

Pregna-4,1 l-diene-3,20-dione 

— 

5.15 

1.13 

— 

20a-Hydroxypregn-4-cn-3-oiie 

— 

— 

— 

0.64 

20j8-Hydroxypregn-4-en-3-one 

... 

— 

— 

1.44 

Androst-4-ene-3, 1 7-dione 

0.07 

— 

— 

0.56 

Testosterone 

0.05 

0.28 

— 

0.16 

Deoxycorticosterone 

0.03 

0.21 

— 

— 

1 7<»-Hydroxy progesterone 

— 

<0.02 

— 

0.14 


“ Data in this column reported by Pearlman (1964). 

* Data in this column reported by Diczfalusy (1952). 

* Data in this column obtained in the author's laboratory (Zander, 1959, unpub- 
lished results). 
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(1957). However, for a complete isolation of progesterone, this systan 
proved to be inadequate. Further purification of the contents of the cen- 
tral separatory funnels, by chromatography or other methods, was found 
to be necessary. A better separation was obtained with a 24-transfer dis- 
tribution between equal volumes of petroleum ether and 34.5% ethanol, 
as Diczfalusy (1952) demonstrated with placental extracts which had 
been purified according to the methods of Allen (1932) or of Prelog and 
Meister (1949). The partition coefficient (K) of authentic progesterone 
in this system is 3.55. Diczfalusy (1952) observed also that the system 
?i-hexane : 48.4% ethanol (1:1 v/v) | partition coefficient {K) of pro- 
gesterone 1.03] is suitable. 

Except for Loy et al. (1957) the countercurrent distribution has not 
yet been applied for routine determinations. The chromatographic tech- 
niques are more practical and less time consuming. However, for supple- 
mentary characterization and additional purification, countercurrent dis- 
tribution may be of great help, particularly when working with pooled 
extracts. 

Partition coefficients of some less polar A^-3-ket<istcroids in com- 
parison to progesterone are listed in Table II. 

B. Column Chromatooiutuiy 

Sm cral authors have taken advantage of the column chromatography 
as a supplementary method to isolate progesterone. Adsorption chroma- 
tography on aluminum oxide was usually applied to demonstrate the 
presence of progesterone in biologicai material such as adrenals from 
cattle (von Euw and Reichstem, 1941) or the corpus luteum of the whale 
(Prolog and Meister, 1949), or human placenta (Noall et al., 1953 as well 
as Pearlman and Cerceo, 1952). Samu' ls (1947), and also Wiswell and 
Samuels (1951) developed a chromatogiaphic procedure for the isolation 
of progesterone from liver-incubation mixtures. After development of the 
aluminum oxide column with hexane and hexane-chloroform (95:5 v/v), 
progesterone is eluted with hexane-chlorofonn (80:20 v/v). But this 
method proved to be inadequate for the isolation of the steroid from 
blood. Later Loy et al. (1957) used this procedure for the development 
of a routine method for the progesterone determination in luteal tissue. 
The authors supplemented chromatography with a countercurrent dis- 
tribution of the progesterone fraction and achieved very satisfactory re- 
sults. The column chromatography of Samuels (1947) was utilized also 
by Sommerville (1957) and Sommerville and Deshpande (1958) for rou- 
tine determination of progesterone in plasma; chromatography is per- 
formed immediately after extraction of.alkali-trcated plasma (see Section 
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II, B) . Without further purification efforts, the cluatc containing, pro- 
gesterone was made to react with isonicotinic acid hydrazide and the 
formed derivative is quantified (see Section IV, C, 3). However, it seems 
somowliat doubtful if this purification procedure guarantees a sufficient 
specificity when only small amounts of progesterone are present. 

Furthermore, column adsorption chromatography has been adopted 
as a routine method by Hinsberg et al. (1956). They chromatographed 
ether extracts of plasma on a column of 5 gm. aluminum oxide. After 
washing the column adequately with benzene, the progesterone fraction 
was eluted by a benzene-inethylenc chloride mixture (4:lv/v) , One should 
not expect to obtain pure progesterone with tliis method and the authors 
themselves consider this procedure only a first purification, because it 
does not remove a significant amount of lipids, which interfere in sub- 
sequent jiaper chromatography using the systems of Bush. For this rea- 
son Hinsberg ct al. (1956j transformed the progesterone in the eluate to 
its dinitrophenylhydrazine derivative according to Reich et al. (1952) 
(see Section IV, C, 2). Progesterone bisdinitrophenylhydrazone w'as sepa- 
rated from otli(M- riiaction products by a subsequent chromatography on 
aluminum oxide. The progesterone derivative was eluted by benzene after 
the column was washed with a mixture of equal volumes of benzene and 
hexane. 

Only Butt et al. (1951) have used column partition chromatography 
for the routine determination of progesterone. After thorough preliminary 
purification of the ethanol-ether (3:1 v/v) extracts of plasma with re- 
moval of the lipids, they used a column (6 mm. in diameter and 6 cm. 
long) of Hyflo Supcrccl using aequous methanol as the stationary phase 
and n-hexane as the mobile phase. The conditions for this system have 
been investigated with great care and the most favorable ones for the 
separation of progesterone were found with the use of 70% methanol as 
the stationarj' phase. It is worthwhile to mention that this system per- 
mits a clear separation of progesterone from A*-androstene-3,17-dione 
w'hich is only slightly more polar. Their partition coefficient (iv) for 
progesterone is 1.05. Though only a few results are reported with the 
method of Butt el al. (1951) they agree well with the figures of authors 
wdio used paper chromatography for the isolation of progesterone. That 
Butt et al. (1951) could not find any progesterone in the peripheral 
venous blood under physiological conditions might be explained by the 
fact that not enough blood was used as starting material. The partition 
chromatographic system of Butt et al. (1951) was later used by Noall 
et al. (1953) for the successful isolation of progesterone from human 
placenta. 

It seems that column chromatography in spite of some evident ad- 
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vantages, particularly for the quantitative spectrophotometric estimation, 
has not yet been fully utilized for routine progesterone determinations. 

C. Paper Chromatography 

Paper chromatographic procedures have been successful when applied 
to microanalytical progesterone determinations. The great advantages lie 
in the simplicity, the remarkably sharp separation, and the possibility 
of an exact localization, even with very small amounts of progesterone. 

Numerous systems suitable for the isolation of progesterone have been 
described. In selecting a method, several factors have to be considered, 
such as the extent to which the extracts are purified, the type of subse- 
quent quantitative estimation, and last, but not least, local working con- 
ditions of a particular laboratory; also, the experience which the investi- 
gator or his team may have with one or more of the systems should be 
taken into account. For details the reader is referred to the reviews deal- 
ing exclusively with paper chromatography of steroids (Heftmann, 1955; 
Ncher, 1958; Reincke, 1956). The present discussion is restrict(?d to those 
systems which are of practical value for routine progf'steronc determina- 
tions. 

Haskins ct nl. (1950) introduced a ‘'monoi)hasic’’ system (ethanol- 
water, 80:20) for the determination of progesterone in oily vehicles and 
placental tissue. Idut generally the monophasic solvent systems are not 
ideal for steroid chromatograiihy. Chromatography on alumina paper has 
not been profitable, as shown by hklgar (1953a), especially for the isola- 
tion of i)rogcsterone from extracts of biological material. 

Widt! applications are known for systems with aqueous .solvents as 
the stationary jdiase, e.g., the system A of Bush (1952; with 80^ metha- 
nol as the stationary jihase and light petroleum (b.p. 80-l00°C.) as the 
mobile phase at 37°C. (Edgar, 1953a; Raeside and Turner, 1955) or vari- 
ations of this system (Zander and Simmer, 1954; Hinsberg ei al., 1956; 
Short, 1958; Gorski et al., 19.58; Stormshak et al., 1959). These systems, 
particularly the variations of Bush’s system A, with low'er alcohol con- 
centration in the stationary phase, permit a clear separation of proges- 
terone from other A^-3-ketosteroids as well as from impurities ninning 
with the solvent front. Recently we have obtained (Zander, 1960, unpub- 
lished results) vety satisfactoiy results with the following system; 65^ 
methanol : hexane at 37'’C. The separation of progesterone (R/ value 0.69) 
from the solvent front w’as very good. It is not possible to separate 
dehydroprogesterono, a compound closely related to progesterone, from 
the latter with any of the described systems. This compound, however, 
so far has not been demonstrated in ‘biological material. Another sub- 
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stance, which might interfere is the “unknown a,/9-unsaturated ketone,” 
which Hagopian et al. (1956) obtained in perfusates of human placentas. 
But this substance also was never encountered in the progesterone frac- 
tions from hiunan placentae or from placental blood obtained with the 
above-named systems (Zander, 1956, unpublished results). 

The Bush systems when used for the isolation of progesterone are 
effective only after a prepurification of the extracts. Even minute amounts 
of lipids may interfere during chromatography. On the other hand the 
great advantage derived from the Bush systems is that, after suflBcient 
prepurification of the extracts and the paper, the fluted progesterone is 
obtained in a remarkable degree of purity. The ultraviolet spectro- 
photometry for the quantitative estimation can, as a rule, follow imme- 
diately after elution without further purification. Similarly, the eluates 
are suitable for infrared spectrophotometry. 

Systems in which water is the only stationary phase are less suited for 
the purposes under discussion. Edgar (1953a) has tested such systems 
using light petroleum and aqueous propanol as the mobile phase. In his 
trials with ether extracts from blood to which progesterone had been 
added, he observed considerable tailing due to absorption. 

Systems with nonaqueous solvents as the stationary phase, as pro- 
posed by Zaffaroni et al. (1950) and Burton et al. (1951), so farTiave 
not been generally accepted in the routine techniques for progesterone 
determinations in spite of their excellent separating qualities. This may 
be due to the difficulties encountered''ui removing the stationary phase 
from the paper before starting the quantitative assays. However, Wiest 
(1959) succeeded in quantitative assays of progesterone following the 
isolation by Zaffaroni chromatography. The method, measuring the ab- 
sorption of incident ultraviolet light by the steroid directly on the paper 
chromatograms, compensated the effect of residual stationary phase by 
means of a similarly impregnated paper blank placed in front of the 
reference beam of the spectrophotometer. Savard’s (1953) propylene gly- 
col : methylcyclohexane system with an 8-hour running time has been 
used by Oertel et al. (1959). The J2 doo value (relative mobility referred 
to that of deoxycorticosterone) of progesterone lies between 4.8 and 5.2 
in this system. Further purification of the paper eluate for the quantita- 
tive determination of progesterone is necessary (see Section IV, D) . 

Systems with less polar stationary phases (reversed phase systems) 
have not been applied for the practical determination of progesterone, 
although Edgar (1953a) found that a system with benzene as the station- 
ary phase and 70% aqueous methanol as the mobile phase yielded very 
satisfactory results on silicone-treated paper (Rf value for progesterone 
in this system 0.68). 
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In general the important advantage of paper chromatography derives 
from the fact that, besides progesterone, other relatively weak polar A*-3- 
ketosteroids, which may be present in the extracts, can easily be recog- 
nized on the paper. Compounds like androst-4-ene-3,17-dione, testos- 
terone, and 17«-hydroxyprogesterone are clearly separated with most 
paper chromatographic techniques suitable for progesterone. These com- 
pounds may also be measured quantitatively. Such additional findings 
will be of biological interest. 

In testing for progesterone it is important to detect other substances 
with progestational activity, such as the progesterone metabolites 20a- 
hydroxypregn-4-en-3-one and its 20^-isomer, which have been isolated 
by Zander et al. (1958). Both these progestins are slightly more polar 
than progesterone and can easily be separated from the latter by paper 
chromatography of the extracts. They may also be quantified provided 
they are present in adequate amounts. For the differentiation and char- 
acterization of such progestational compounds, which accompany 
progesterone, it might be necessary to use a variety of solvent systems. 
In Tables III and IV are listed a series of systems which have been 
found useful for this purpose. Wiest (1956) has found that the 2 isomers 

TABLE III 

Papkb Chromatographic Behavior of 2()a-Hvi>KOXYPRKON-4-EN-3-o.vB 
ANP Its 200-Isomer in Comparison to Proge.stbrone and Other 
Weaklv Polar Steroids in Different Solvent Systems" 


Compound 

Propylene 

glycol/ 

toluene 

(22*^0.) 

Formamide/ 

benzene- 

cvolohcxaru^ 

(1:1) 

(22X\) 

Hush H 
(22"C.) 

Bush A 
(38X’.) 

J Jeoxy (jorticosierone 

1.00 

1.00 

l.(K) 

1.00 

20tt-Hydroxypregn-4-en-3-oiic 

0.88 

1.50 

1.17 

1.41 

20/3-Hydroxypregii-4-en-3-one 

0.99 

1.59 

1.29 

1.88 

Progeetorone 

1.28 

1.86 

1.66 

4.78 

1 i-Ketoprogest.erotic 

— 

1.35 

1 .09 

1,23 

17a-Hydroxyprogosf.eron e 

0.73 

0.93 

0.78 

0.64 

Testosterone 

0.04 

1.04 

0.79 

1.17 

Epitestosterone 

0,74 

1,23 

0.93 

1,47 

Androst-4-ene-3, 1 7-dioue 

1.18 

1.71 

1.49 

1.86 

Adrenoaterone 

1.07 

0.89 

0.75 

0.45 

1 l0-Hydroxyandro8i^4-ene-3, 17- 
dione 

0.60 

0.32 

0.32 

„ 


•The values are related to deoxyeortieostcrone (Rnoc 1.00). Data from Zander 
et dl. (1968). 
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TABLE IV 

Papbb Chromatographic' Behavior of 20a-HYDROxvPBEON-4-EN-3-oNE, 
20 /S-Hvi)Roxypbbgn-4-en-3-one and Their Acetates in Comparison 
TO Progesterone and Andbost-4-ene-3,17-dione 


Coinpounfi 

Phenyl- 

cellosolve /heptane'' 

Formamide /heptane' 

Progoaierorie 

1.00 

1.00 

Androst-4-nnc-»% 1 7-dioJio 

0.67 

0.29 

20a-Hydroxypregn-4-cn-3-o?ic 

0.45 

0.29 

20a-Hydroxyprogn-4-(3n-3-one acetate 

2.00 

2.53 

2()/3-Hydroxy|)regn-4-en-3-one 

0.67 

0.50 

20j3-H y d roxy pregn-4-€3n-3-on€i acetate 

2.21 

2.80 


® Values arc related lo firogesterone (/^proK. = 1.00). llata from Zander el al. (1958). 

can be distinguished easily by the iodine color reaction. If the paper is 
treated with iodine the 20a-isomer will give a blue color, whereas the 
20)3-isomer gives a brown color. 


rV. Quantitative Estimation of Isolated Progesterone 

A. SpECTROJUIOTOMKTHIO R.STIMATION A.S A‘‘-3-KF.TOSn5R()lD 

Progesterone as a compound with tlMra,j8-unsaturated ketone grouping 
exhibits a distinct ultraviolet absorption maxiinuin at 240 ni/t (cmax = 
16,950). The first workers to introduce a quantitative progesterone esti- 
mation method based on this maximal absorbancy were Reynolds and 
Gimsburg (1942), whose method has been adopted by nunicrou.s authors. 
If progesterone has been separated from other A^-3-ketosteroids with 
reasonable certainty before it is measured quantitatively, this method is 
reliable and satisfactoiy. 

By using 1-cm-widc cells with a capacity of 3 to 3.5 ml., a minimum 
quantity of 2.5 to 5.0 /ig. progesterone can be measured with adequate 
accuracy. By the use of microcells the sensitivity of the method can be 
increased up to fivefold. 

After the routine separation of progesterone from biological material 
the quantitative estimation yields, as a rule, a higher value for optical 
density than the one which would correspond to the quantity of proges- 
terone actually present. The reason is the presence and interference of 
small quantities of nonspecific material which absorbs in the same ultra- 
violet region. The correction proposed by Allen (1950) eliminates such an 
error (sdfe Section IV, E) . 
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If an unusually large amount of nonspecific interfering material is 
contained in the final extracts, the absorption maximum may shift to 
shorter wavelengths. In such cases we recommend rechromatography of 
the material until an unequivocal maximum is obtained at 240 m/i. 

To correct for absorbing material from the paper one should use an 
eluate of a piece of paper from a blank strip as a reference. The piece 
should be cut from a blank strip treated in the same fashion as the 
sample strip and the piece should correspond in size and location to that 
of the sample strip containing progesterone. Since most of the commer- 
cially available filter i)apers are contaminated with small quantities of 
material absorbing in the same region as progesterone, a thorough ex- 
traction of the paper before chromatography is necessary. 

In order to judge the purity of the isolated material Zaffaroni and 
Burton (19511 have sugge,sted a method which i)roved to bo A'aluable. 
They j.)roposed to compare the absorjjtion curves of th(^ isolated material 
and of a standard solution by computing all figure.s of measured optical 
density values as percentage of a maximum of 100. In the ideal case both 
curves must then coincide. 

Quantitative estimation of progesterone directly on j)ai>cr chromato- 
gram strips has been lused by Wiest (1959). This was done optically in a 
C’ary recording .spectrophotometer by measuring absorption of light as 
the chromatogram moved in front of a beam of wavelength 240 m/i. Back- 
ground absorption was compensated for by means of a paper strip, simi- 
larly impregnated and dried, idaced before the rofcicnce beam of the 
do»ible-beam instrument. The method succe.'^sfully measured 2 fip;. of 
chromatographed progesterone. 

B. roi.Ano(:R.\i’mo Ksti.mation as (Iibaud Comim.k.x 

As Wolfe et al. (1940) have .shown, certain ketonic stcroid.s yield, 
after condensation with Girard’s reagent T ( trimethyl acethydrazide am- 
monium chloride) under suitable conditions, well-defined polarogra})hic 
waves. Quantitative jiolarographic estimations are ])Ossil)le, since the 
wave span is j)roporlionul to the steroid concentration. Amount.s in the 
order of 10/ig. can be measured with adequate accuracy. a,;8-Unsatu- 
rated ketosteroids are determinable witii this method. They are charac- 
terized by a half-wave i)otential at about 1.1 volt. 

On the basis of this principle. Butt el al. (1951) developed a method 
for the quantitative estimation of progesterone which is separated from 
purified extracts by -partition chromatography as described in Section 
III, B, For the polarographic analysis of the Girani complex a technique 
was used which had been introduced by Bainelt et al. (1946) for polaro- 
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graphic determination of IT-ketosteroids. The method of Butt et al. 
(1961) has not been used widely, since its sensitivity is not sufficient for 
the progesterone determination in plasma. 

C. Spectbophotometbic Estimation of Progesterone Derivatives 

1, Progesterone Bisthiosemicarbazone 

The spectral characteristics of a series of thiosemicarbazide deriva- 
tives of «,j3-unsaturated ketones have been studied by Evans and Gillam 
(1943). They found the thiosemicarbazoncs useful'* for the identification 
of the a,y8-unsaturated carbonyl group, the maximum absorption band of 
which is displaced to about 300 m/t as compared with the 240 ra/t of the 
free compound. This absorption range is suitable for quantitative work 
since nonspecific impurities absorb predominantly at shorter wavelengths. 
Another advantage is the very high intensity (tmax = 29,950-37,000) of 



Wavelength in m/x 

Fig. 1. Ultraviolet absorption spectra of the thiosemicarbazide derivatives of 
cholestenone (curve 1), 3/3-hydroxy-6a-pregnan-20-one (curve 2), and progesterone 
(curve 3) in absolute ethanol. The dotted curve, obtained by subtracting curve 2 
from curve 3, represents the absorption due to the thiosemicarbazone of the 
A*-3*ketone group of progesterone. From Pearlman and Cerceo (1953). 
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the SOO'in/i absorption band of the thiosemicarbazones. In addition, satu- 
rated carbonyl groups can be detected via their thiosemicarbazones which 
have an absorption maximum at 270-273 m/r (taja, = 20,400-24,400) . 
However, it should be kept in mind that the application of the thiosemi- 
carbazide method serves only to give an estimate of the total number of 
carbonyl groups whether or not they belong to a steroid molecule. 

Figure 1 shows the ultraviolet absorption spectra of progesterone bis- 
thiosemicarbazone and of thiosemicarbazide derivatives of other steroids 
[molar extinction coefficients (cmax) at 280 m/x, 37,610 and at 301 mfs,, 
39,676]. This technique was first used for the determination of proges- 
terone by Pearlman and Cerceo (1963) in their study of progesterone 
content in human placentae. The progesterone concentration in human 
placentae assessed by this method is in good agreement with values de- 
riving from other physicochemical techniques. 

Simple reaction conditions, for the preparation of thiosemicarbazide 
derivatives, originally introduced by Talbot et al (1966) for the routine 
assay of urinary corticosteroids, have been used for supplementary iden- 
tification and quantitative estimation of progesterone by Zander and 
von Munstermann (1966) as well as by Simmer and Simmer (1969) (see 
Section VII, A). According to our experience one may encounter diffi- 
culties with these procedures if progesterone is contaminated by trace 
amounts of ketonic impurities of the extracts or solvents. 

2. Progesterone Bisdinitrophenylhydrazone 

The 2,4-dinitrophenylhydrazine derivative of progesterone was pre- 
pared by Klein et al. (1948) and used for gravimetric determinations of 
this steroid in commercial solutions in oil. Reich et al. (1962) made use 
of the spectral characteristics of progesterone bisdinitrophenylhydrazone 
and arrived at a quantitative assay technique as well as a separation from 
pregnenolone. In a very careful investigation they studied the chromato- 
graphic and spectral behavior of the 2,4-dinitrophenylhydrazone deriva- 
tives of a large number of steroids (Reich et al., 1963) . 

Progesterone bisdinitrophenylhydrazone has a yellow-reddish color, 
which can be easily recognized during chromatography with as little as 
6 /tg. of material (see Section III, B) . 

The monodinitrophenylhydrazones of A*-3-ketosteroids exhibit an 
absorption maximum at approximately 290 m/* in chloroform. Saturated 
3- or 2Q-ketosteroids which carry no hydroxyl group in the 17 or 21 posi- 
tion yield dinitrophenylhydrazone with an absorption maximum at 367- 
369 m/i. The bisdinitrophenylhydrazone of progesterone, having one car- 
bonyl group in the a,)8-unsaturated position and one in the saturated side 
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chain, has an intense absorption maximum at 380 ni/n = 36,665 
according to data given in 1956 by Hinsberg et nl:). 

Since unrcactcd 2,4-dinitrophonylliydrazino shows a luaximuni at 342 
in/t it is necessary to remove the excess dinitrophenylhydrazinc prior to 
the quantitative determination. According to the work of Reich ct al. 
(1952) this is possible by oxidizing it with either Fehling’s solution or 
Benedict’s reagent. The reaction protiuct is /n-dinitrobenzene. Separation 
of progesterone bisdinitrophenylhydrazonc from other reaction products 
may be effected by chromatografdiy (see Section III, B). The method of 
Reich et al. has been adapted to microscale wor]^ by Hinsberg et al. 
(1956) who utilized this procedure after [)reliminary jmrification of the 
extracts (see Section III, B) to determine progest(.Tone quantitatively in 
human plasma. It should be mentioned, however, that the jHirification 
proposed by Hinsberg ct al. (1956) is feasible only if the plasma does not 
contain more than a minimal amount of lijiids. With blood as a starting 
material the results with this method are not satisfactory (Ott and Pelzer, 
1958) because some nonspecific impurities in the ether-.soluble fraction 
of blood behave like progesterone during the aluminum oxide chromatog- 
raphy of the ether extracts and during chromatography of the 2,4-(linitro- 
jihenylhydrazine derivatives. With a maximal absorbancy at 366 m^i these 
2, 4-dinitrophenyl hydrazine derivatives may prove to be a very disturbing 
factor in the iirogesterone determination. 

3. Progesterone Jiisisonirotinir Acid figdrnzonr 

Isonicotyl hydrazones of several ketosteroids have bi'en prepared by 
Ercoli et al. (1952). lake the 2,4-dinitrophenylhydrazine derivative the 
bisisonicotinic acid hydrazone of progesterone also shows a maximal ab- 
sorption at 380 m/x. The reaction is relatively insensitive. According to 
Short (1961) the molar extinction coefficient (<i„ax) is 11,800. It has been 
used by Umberger (1955) for the quantitative determination of relatively 
large amounts of progesterone in oily solution. Weichselbaum and Mar- 
graf (1957) utilized the isonicotinic acid hydrazine as a reagent for the 
determination of A‘‘-3-ketocorticosteroids in human plasma. The same 
reaction has been adajited by Sommerville and Deshpande (1958; Som- 
merville, 1957) to a microscale for the quantitative determination of pro- 
gesterone in preliminary purified extracts of human plasma (sec Section 
III, B). The quantitative estimation is ])erforme<l without further purifi- 
cation of the resulting isonicotinic acid hydrazone, by applying the Allen 
correction formula. It has been mentioned above (Section III, B) that it 
seems somewhat doubtful whether the purification procedure before the 
quantitative measurement guarantees a sufficient specificity when only 
small amounts of progesterone are present. 
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D. SuLFUBic Acid-Ethanol Reaction 

Utilizing the findings of Zaffaroni (1950) and Axelrod (1953) who 
showed that the absorption spectrum of progesterone in concentrated 
sulfuric acid exhibits a distinct maxiniuin at 290 xtifi., Oertcl et al. (1959) 
modified the method of Zander and Simmer (1954) employing sul- 
furic acid in 80% ethanol for the quantitative estimation of progesterone. 
The sulfuric acid concentration was decreased to 66%, because it was ob- 
served that the concentrated sulfuric acid reacts with contaminating sub- 
stances, present in biological material, to produce ultraviolet absorption 
which interferes with that of progesterone. According to Oertel et al. 
(1959) the use of a lower sulfuric acid concentration eliminates the ap- 
pearance of undesirable background interference. 

This reaction is not very specific but it is slightly more sensitive than 
the spectrophotometric estimation of progesterone in ethanol at 240 m^. 
According to Short (1961) the molar extinction coefficient {€,n«x) is ap- 
proximately 19,000. An adequate separation of progesterone from other 
steroids before the treatment with sulfuric acid is necessary. The method 
is described in detail in Section VIT, C. 

One disadvantage of the method of Oertel et al. is that the sulfuric 
acid treatment makes it impossible to identify the isolated material with 
])roge.sterone, a most valuable ]>rotcctive uuiasure w'hen the slightest 
doubt prevails. 


E. Flt:ohes('E.\h'e KEAtiTJox.s 

Abelson and Bondy (1955) have deso ibed an alkali fluorescence reac- 
tion for the estimation of a,;9-unsaturated ketosteroids. The reagent con- 
sists of a 0.1-0.3 N solution of i)ota.ssium tert-butoxidc, freshly prepared 
by refluxing molten potassium metal with tertiary butanol. It is not pos- 
sible to estimate concentrations of less than 1 /tg. progesterone per milli- 
liter solvent with any degree of accuracy by this method (Short, 1961). 
Therefore this fluorescence reaction for progesterone; estimation is ]c.ss 
sensitive than other available methods. 

Touchstone and Murawee (1960) recently described a new fluoro- 
mctric method consisting of heating progesterone at 60° for 30 minutes 
in 2 A' potassium hydroxide in methanol before dissolving it in sulfuric 
acid at room tenqierature. The reaction caused the appearance of a new 
peak at 380 m/x in the absolution spectrum of progesterone in sulfuric 
acid. Fluorescence was maximal at 490 m/i when excitation was carried 
out at 390 xa/i. According to Touchstone ‘and Murawee this method results 
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in a hundredfold increase of fluorescence over that found with sulfuric 
acid alone. 

F. Application of the Color Correction Equation of Allen 

In most of the presently available methods for the quantitative esti- 
mation of progesterone in plasma and tissues the correction formula of 
Allen (1950) is applied, because of the almost inevitable presence of 
accompanying nonsteroidal material, which interferes in the range of 
maximal spectral absorption of progesterone. T^e correction formula 
serves to eliminate these interferences by a simple computation, so that 
the adjusted value indicates the actual quantity of progesterone or its 
derivatives. 

Allen’s formula is based on the us.sumption that the absorption curve 
of the interfering .substances approaches closely linearity in the region 
of the absorption maximum of the steroid to bo measured. If this con- 
dition is not fulfilled the formula may yield erroneous estimates. 

Several authors have tried to ascertain experimentally whether this 
assumption is valid in a given case. Loy et al. (1957) used the fractions 
preceding and following the progesterone fraction in their column chro- 
matographic procedure for the purification of progesterone (sec Section 
III, B). They found that the absorption curves of the two discarded 
fractions from the column approach linearity in the region in which 
progesterone exhibits its absorption maximum. This of, course is only 
suggestive, since the impurities of the two discarded fractions do not 
necessarily have the same absorption spectra as those in the progesterone 
fraction. Short (1958) extracted and purified ox plasma, with no pro- 
gesterone added, by his method, and the area of the chromatogram cor- 
responding in Rf value to progesterone was cut out, eluted, and measured 
in the spectrophotometer. He found linear absorption in the region where 
progesterone gives its maximum absorption. Oertel et al. (1959) using 
their own method arrived at the same result with human male plasma. 
But it seems somewhat doubtful whether the results of these experiments 
can be accepted in general as a test for the validity of Allen’s correction 
for all cases, because it may well be that other materials, e.g., human 
female plasma, contain different interfering substances in the proges- 
terone fraction. 

Probably the best experimental approach to the problem has been 
proposed by Diczfalusy (1955). His method has the advantage of being 
applicable also with material for which no comparative, steroid-free mat- 
ter is available, as is the case with placenta or corpus luteum tissue. The 
principle of the method rests upon the separation of the interfering mate- 
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Fia. 2A. Countercurrent distribution of a pool of progesterone isolated by paper 
cliromatography from full-tenn placentae with tlic method of Zander and Simmer 
(1954). In upper phase: n-hexane. In lower phase: 49% (v/v) ethanol. Filled circles: 
uncorrected optical densities at 240 xnit. Dotted line: theoretical distribution values. 
Identity of the distributed material with progesterone was established on infrared 
spectrographic antdysis of the contents of tubes 9 to 16. 

Fio. 2B. Same data following the application of Allen’s correction equation (with 
readings at 225, 240, and 255 m/i). In tubes 0 to 3 negative values were obtained 
following correction. From Dicsfalusy (1955) and Zander and von Miinstermann 
(1956). 
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rial from pooled steroid fractions of a certain starting material by coun- 
tercurrent distribution. The absorption curve of the interfering material 
can then be examined. 

The following gives an example for the actual performance of the 
method. Diszfalusy tested the applicability of Allen’s formula with a 
pool of progesterone, isolated from human placenta, by the method of 
Zander and Simmer (1954; Zander and von Munsterraann, 1956). Figure 
2A shows the results of the distribution with optical density measure- 
ment at only ’240 m/*. Tlie partition coefficient (K = 0.89) is in close 
agreement with that of progesterone. Identity o!f the contents of tubes 
9 to 16 with progesterone was established by infrahjd spectrophotomctric 
analysis. Application of Allen’s correction with readings at 225, 240, and 
255 rn/* is given in Fig. 2B. It shows close agreement between theoretical 
distribution and corrected optical densities. Therefore one would expect 
linear absorption of the interfering material in the region from 225 to 
255 mfi. The absorption of the combined contents of tube 0 to 3 and 21 
to 24 with most of the interfering substances is shown in comparison to 
the absorption curve of authentic progesterone in Fig. 3. It is apparent 

LogIe/1 



Fig. 3. Ultraviolet absorption spectra of crystalline progesterone (open circles) 
and of the interfering material collected from tubes 0 to 3 and 21 to 24 of the 
distribution shown in Figs. 2A and B (filled circles). From Dicsfalusy (1955) and 
Zander and von Miinstermann (1956). 

from this figure that the absorption of the impurities fulfills closely the 
condition of linearity. Thus the application of Allen’s formula is justified 
and it will improve the precision of estimation when the above-mentioned 
method is used for the determination of progesterone in placental tissue. 
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It should be mentioned here that it is also possible to test the validity 
of the Allen correction in a given case without chemical fractionation of 
the extract. O’Sullivan (1958) has described an extension to the Allen 
color-correction, procedure which is suitable for routine application and 
which uses the shape of the absorption curves of the pure compound and 
of tlie extract to check the linearity of the background absorption. 


V. Additional Identification of Progesterone 

To be certain that the findings obtained in employing routine meth- 
ods for the determination of progesterone represent the hormone concen- 
trations, additional identification of the material is advisable. This is 
particularly necessary when no data on the progesterone content of the 
matter under investigation are available. Such supplemental identifica- 
tion of the isolated material is also recommended if the progesterone con- 
centration in plasma is to be established under conditions tphysiological 
or pathological) which have not been hitherto studied. This is the only 
way to avoid errors and thus as complete an identification as possible 
should be considered an indispensable requirement for unequivocal evi- 
dence. Techniques, which do not permit a recovery of the isolated mate- 
rial after their quantitative estimation have the great disadvantage of 
making a supplementary identification impossible. 

In this section only chemical methods arc described which provide a 
supplementary identification. It is not necessary to emphasize that bio- 
logical assays may also serve to identify llie isolated material. 


A. Color 11e.\ction.s 

Additional information about the nature of an isolated substance 
might be provided by color reactions iiarticularly when they are applied 
on the filter paper following paper chromatography. Although color reac- 
tions are in many cases nonspecific, they arc nevertheless of practical 
value to indicate the position of progesterone on the paper. 

From the great number of known color reactions only a few, yrhich 
proved to be valuable for progesterone, can be described within the limits 
of this chapter. The reader is referred to Neher (1958) , who gives an ex- 
tensive review of the literature. The details of the methods can be ob- 
tained from the original reports. 

Phosphomolybdic add (J% alcohol solution) (Kritchevsky and Kirk, 
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1952:) . This very simple test yields a blue color on yellow-greenish back- 
ground on the filter paper after heating to 90®C. for 5 to 10 minutes. The 
reaction is relatively sensitive for progesterone but also nonspecific; 2.0 
Hg. on 1-cm®. paper can be detected. 

Sodium hydroxide fluorescence (Hush, 1952). This reaction is rela- 
tively specific for all A^-S-ketosteroids. By using 10% NaOH in 60% 
methanol and heating 15 minutes to 70“-100°C. 0.5 /ig. progesterone on 
1-cm®. paper can be recognized. To increase specificity this practical 
method may be combined with the demonstration or exclusion of reducing 
steroids, by tetrazolium salts (c.g., blue tetrazolium, Simpson ct al, 1954; 
Ayres et al., 1957). 

2,4-Dinitrophenylhydrazme (Reirh et al.. 1,950). This reaction is spe- 
cific for reactive koto groups (see Section TV, C, 2) and especially sensi- 
tive for A^-3-ketones. It may be performed directly on the paper, where 
it yields a yellow-orange color in the presence of progesterone (Kocha- 
kian and Stidworthy, 1952; Beineke, 1956). 

Antimony trichloride (Neher and Wefisteiv, 1951). Though this reac- 
tion is rather nonspecific it happens to be* extrcnu'ly sc'nsitive hir proges- 
terone, particularly when used in the modification of Shull et al. (1952). 
After pretreatment of the paper for 20 minutes with chlorine gas, a satu- 
rated antimony trichloride solution in acetic anhydride is sprayed oif the 
paper which is then exposed for 4 minutes to a temperature of 90°C. In 
this way 0.25 fig. of progesterone on 1-cm®. paper may be detected. In 
the visible light range a yellow color iiCseen, and yellow-orange fluores- 
cence de^'clops with ultraviolet light. 

B. Sri.KT;Ric Acin Rkactiox 

A valuable niethod which has been repeatedly cm])loyed to ascertain 
the identity of the isolated material with progesterone is to determine 
the absorption spectrum in concentrated sulfuric acid according to Zaf- 
faroni (1950). It is rather characteristic for A^-3-ketosteroids 'which lack 
hydroxyl groups to exhibit a distinct absorption maximum at 290 mfi. 
The technique is simple. The isolated material is evaporated to dryness 
and dissolved in concentrated sulfuric acid. The reaction product is per- 
mitted to stand for 2 hours at room temperature and the absorption is 
detennined between 220 and 600 rofi. In the presence of A^-3-keto8teroids 
carrying hydroxyl groups other absorption maxima besides the character- 
istic one at 290 m/i are ustially observed. Zaffaroni’s technique has been 
modified by Oertel et al. (1959) resulting in a very sensitive method for 
the quantitative determination of progesterone (sec Sections IV, D and 
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VII, C). This modification requires a solution of approximately 66% 
sulfuric acid in ethanol instead of the concentrated sulfuric acid. 

C. Formation of Derivatives 

A helpful method to confirm the identity of the isolated material con- 
sists in the formation of progesterone derivatives and the determination 
of their characteristics. Only a few are mentioned here, particularly those 
suitable for microquantities. 

In case of a diketonc, like progesterone, the ketonic reagents should 
be considered a first choice. Of these thioscmicarbazide (Pearlraan and 
Cercco, 1953; Zander and von Munstermann, 1956; Simmer and Simmer, 
1959), 2,4-dinitrophenylhydrazine (Reich et al, 1952; Hinsberg et al., 
1956), and isonicotinic acid hydrazine (Umberger, 1955; Sommerville 
and Deshpande, 1958) have proven to be of practical value. The cor- 
responding derivatives of these reagents exhibit characteristic shifts of 
the ultraviolet absorption maximum and may also bo a serviceable tool 
for quantitative measurements. The reactions are described in more 
detail in Section IV, (II, 1-3. It is obvious that the derivatives formed 
in this fashion may also lx; examined for their mobility in column or 
jjaper chromatograidiy. 

To exclude the presence of reactive hydroxyl groups it may be worth- 
while to tiy acetylation ■with acetic anhydride in pyridine. If the isolated 
material consists only of progesterone its mobility in a second chromato- 
gram shoTild not change. 

The reduction of the C-20 keto group to the hydroxyl group offers 
further possibilities to form derivatives, particularly by enzymatic re- 
actions when only microquantitics are available. According to Wiest 
(I960) 20«-hydroxypregn-4-cn-3-one ih formed in the ])rescnce of 20a- 
hydroxy .st('roid dehydrogenase obtained from rat ovaries. Similarly, ac- 
cording to our own experiences (Zander, 1960, unpublished data) , one can 
obtain 20)8-hydroxypregn-4-en-3-one by using crystallized 20;8-hydroxy 
steroid dehydrogenase isolated by Hiibcner et al. (1959) from Strep- 
tomyces hydrogenans. Both isomers can be acetylatcd and the free as 
well as the acetylatcd compounds can be recognized by their mobility in 
column or paper chromatography. 

D. Infrared Absorption Spectrcm 

For a conclusive identification it is most desirable to compare the 
infrared spectrum of the isolated material with the spectrum of authentic 



JOSEF ZANOEB 


118 

progesterone. Thanks to the potassium bromide preparation method, 
introduced by Schiedt and Reinwein (1952) and by Stimson and O’Donnel 
(1952 ) , such a comparison has become feasible even if only very minute 
quantities of progesterone can be isolated, though occasionally it may be 
necessary to accumulate material derived from several isolations until 
the amount is adequate. For details the reader is referred to the original 
literature. If the material has been isolated by paper chromatography 
it is necessary to prepare an eluate of the blank filter paper and to 
expose this eluate to infrared spectrophotometry for comparative pur- 
poses. 


\T. Reliability of Different Mclhotis 

As pointed out by Borth (1952, 1957) the cssenti.al characteristics for 
the reliability of hormone assay methods are specificity, accuracy, ])reci- 
sion, and sensitivity. How far these four criteria are fulfilled by the pres- 
ently available methods to deteimine progesterone in blood or tissue will 
be discussed in the following paragraphs. Those experimental data 
published in the literature, which permit a critical judgment of one or 
more of these criteria vrith respect to a single procedurt^ are sum- 
marized in Tables VI and VII. 

A. Specificity 

Specificity means tliat the method’ of analysis should measure ])ro- 
gesterone only and nothing else. Conclusions as to the specificity may 
be drawn first from the principles on which a method is based and fi-om 
the various steps applied in such method. This has been discussed in 
Sections II to V. In general it can be stated that an adequate 
specificity of microanalytical procedure can only be expected if satis- 
factory chromatographic separation methods for the separation of pro- 
gesterone from sufficiently purified extracts are used. Nevertheless with 
all routine methods so far described one obtains only a more or less 
tentative identification of the isolated substance presumed to be pro- 
gesterone. It is therefore most desirable to check the specificity of the 
method by supplementary e.\amination of the isolated material. A num- 
ber of physicochemical techniques have been recommended for such 
supplementary identification of microquantitics. They have been dis- 
cussed in Section V. 

Table V lists the various procedures applied for the supplementary 
identification of material obtained with the variety of routine determi- 
nation methods and allows conclusions as to the evidence for the 
specificity of their results. 
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Methods Applied fob Additional Chabactekization 
OP Matebial Isolated as Pbogestebone 


Method® 

Material 

Additional characterization 

Butt et al. (1951) 

Plasma 


Edgar (1953a) 

Blood, follicle fluid, 

Mobility in reversed phase paper 


luteal tissue'’ 

chromatography, NaOH fluo- 
rescence, rri-dinitrobenzeue 
color reaction 

Zander and Siunner (1954) 

Plasma,® follicle fluid, 

Infrared absorption spectrum, 


luteal tissue,'* 

formation of thiosemiearba- 


placental tissue,' 

zone, sulfuric; acid (diromogen, 


fat tissue/ 

NaOH fluorescence 

Haskins (1951) 

Placental tissue 

Biologic assay 

Raesidc! and TiiriK^r (1955) 

l*lasnia 

Dinitrophenylhydruzinc and 
7fi-dinitrobenzene color 
reactions 

Hinsberg W nj. (1950) 

1’L‘isma 


Loy €i al. (1957) 

Jjuteal tissue 

Biologic iissay, mobility in paper 
chromatography 

Short (1958) 

riahnia*^'* 

Infrared absorption spectrum, 
sulfuric acid chromogen, 
7H.-dinitrobenzcne reaction, 
NaOH fluorescence 

SomnuTvillc and 

Plasma 

I'V absorption at 240 m^t, mo- 

Doshpande (1958) 


bility in paper chromatog- 
raphy 

( lorski (‘1 nl. (1058) 

Luteal and ovarian 
tissue 

Sulfuric acid chromogen 

Oerti'l H al. (1959) 

Plasma 



For j)aiH*rs coiitaiiiiiig additional iiifoi J lalion (Hi the id(Hitifi(^ation of isolated 
inatc^rial, s(*(^ the footnotes. 

Edgar (195:ih). 

^ Zander (1954, 1955). 

Zand(T (1954); Zander ef uL (1958). 

'Zander and von Munstermanii (J95()). 

^ Kaufmann and Zander (1950). 

^ Short and Eton (1959). 

''Balfour et al. (1957). Variant from the method of Short (1958), an additional 
9-tube countercurrent distribution, for preliniinary purification ha« been us<'d. 

B. Accuracy 

The accuracy of a measurement signifies, according to Borth’s defi- 
nition, the closeness with which it approaches the “true” value. It can 
be determined by the percentage recovery of pure authentic compounds 
added to samples before analysis. >Tablc VI demonstrates that 70- 
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90% recoveries are claimed for the routine determination methods of 
progesterone. 

To evaluate comparatively the recoveries by various methods, how- 
ever, one has to consider the amounts of added progesterone as well 
as the quantities of plasma or tissue used as the starting material. A 
change in one of the two factors may possibly also change the per- 
centage recovery. Thus a comparison of the recovery data given in 
Table VI can be made only with some reservation. Nevertheless the 
percentage recovery of added progesterone, within the range of the 
amounts tested, is quite satisfactory in all the described methods. In 
general, as far as accuracy is concerned, those methods arc preferred 
which yield good percentage recoveries of very small amounts of pro- 
gesterone added to relatively large amounts of plasma or tissue. 

Accuracy can be best judged by adding radioactive progesterone to 
the test sample in a routine fashion, as shown in Section VI for the 
methods of Oertcl ct al. as well as of Zander et al. The final vahie 
for progesterone, as calculated from the loss of radioactivity, naturally 
approaches the “true” value of .a single dctermin.ation veiy closely. 


C. Precision 

The term precision is concerned merely with the reproducibility of 
the measurements. Precision may be judged by the standard deviation of 
results obtained from replicate dcteiTumations of the same samjile. The 
experimental data which permit an estimate of the precision of the vari- 
ous methods are assembled in Table VII. To judge these data critically 
one again has to consider the amount of proge.sterone as well as the 
quantity of plasma or tissue. Precision is completely defined only when 
quantities have been tested which approach the lower end of the sensi- 
tivity scale. In this resjiect the available data for the different methods 
are still incomplete. 


1). SKNsmviTY 

One way to ascertain the scn.«itivity of a method, is to estimate the 
smallest amount of added progesterone that can be recovered with ade- 
quate accuracy and precision. Sensitivity can be also calculated from the 
standard deviation of replicates. The data published up to the present 
time for both values are listed in Table VI. In several instances, no re- 
covery or replicate experiments have been reported for quantities close 
to the lower limits of sensitivity of the methods. Thus an exact evalua- 
tion of the sensitivity is not possible in these cases. The values in the 
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column “sensitivity^' of Table VI represent only the smallest amount of 
pure progesterone that can be measured by the procedure for the quan* 
titative assaj'’; however, as indicated in the discussion on the precision, 
it is an open question whether or not the precision attainable at this level 
is adequate. 


VIL Description of Recommended Methods^ 

A. Method of Zander and Simmer ( 1954 )^ 

Reagents, All reagents are of analytical grade; solvents should be 
redistilled before use. 

’ i’ho iivailablo datii for iho reliability of the recommended methods are included 
for the spccili(‘i1y in Table V and for accuracy, precision, and sensitivity in TaV)lo VI. 

At the suggestion of Dr. L T. Samuels the three methods rccommcudcd here 
were compared. Five '‘unknown” samples of 22 ml. human plasma containing vary- 
ing amounts of added jirogt^sterone w(‘re analyzi'd in I'ach of tlio three laboratories 
resiionsiljle for these methods. The results were recently pubiisheil by Short (1961) 
and are summarized in the following table: 



Prop's! crone 
in ‘‘unknown” 




Oerlcl and 

Sjiiiii)lr 

.<=Niiinplt' 

Z:i iidor 


Slii»rt 

Eik-Nes 

Nil. 

(mk /lOO ml ) 

iMPc /iao ml • 


.MC/IOU ml ) 

(mk,/ 100 ml.) 

1 

S 1 

«s u 


r, 

72 






7.1 

J 

.*i 0 

si, 


.5 0 

r>o 








PluJik 

0 


1 0 

1 2 

\ 

(1 

2.5 j:. 


28 0 

2.5 0 






28.7 


LV. e 

2,5 ,5.5 



25.2 






21.3 


All results in the table have been corrected for losses. Zander submitted the ex- 
Iracis of the .samr)les twice to cliromatography. No radioactive progesterone, as 
described in this i^ai)cr for the method of Zander and {Simmer, was ailded. An over- 
all mean recovery of 70% for each chromatogisM»hy with a total amount of less than 
5.0 /[ig. piugestcrone and of 75% with a total amount of more than 5.0 tig, was 
assumed. Short assumed an over-all mean recovery rate of 711% and corrected all 
results by a factor of 137. Oertol and Eik-Nes added progosterone-.{-C’^ (2000 c.p.m.) 
to each sample before extraction, the sfimples being run in duplicate. They obtained 
recoveries for sample 1, 74%, 74%; for sample 2, 74%, 58%; for sample 3, 75%; for 
Tuple 4, 74%, 66%; for sample 5, 80%., 82%. 

“The description of the method corresponds to the procedure now used in our 
Laboratoiy. It takes into consideration the modification of Zander and von Miin- 
stermann (1956) as well as some unpublished results. 
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Precipitation of protein from plasma, lip to 200 ml. of blood is 
collected into a vessel containing an anticoagulant (sodium oxalate, 
sodium citrate, or he])ariri). After standing for 1 to 2 hours at -1-2° to 
-1-4°C. the sample is centrifuged for 20 minutes. The pla.sma is separated 
and 1000 c.i).m. proge.stcrone-4-(y’ ‘ of high specific activity arc added. 
With mechanical stirring, the pla.sma is slowly (5 ml. in 3 minutes) added 
to 5 volumes of ethanol-ether (3:1 v/v"). The mixtuiv is tlien centrifuged, 
the .supernatant decanted, and the remaining precipitate is extracted 
twice with half the volume of tlie ethanol-ether each time. All ethanol- 
(‘thcr extracts are combined. 

Precipitation of protein from titnoie. I’p to 40 gm. of ti.ssiu* are 
cut into small pieces immediately after <lis.section and freed from blood 
on filter iiaiier. The tissue pieces ar<‘ weighed and homogenized. A 
fivefold quantity of an ethanol-ether (3:1 v/v) mixture containing 1000 
c.]).m. j)rogesterone-.^-('" in added to tl)e homogenate while still in 
the homogenizer, and the homogenization is continued for another 5 
minutes. After centrifugation the ethanol-ether extract is decanted and 
the jirecipitatc washed with half the volinne of the ethanol-ether eael\ 
time. All the extracts are combined. 

Extraction ivith ethyl nretafe. The combined ethanol-etlier exiraets 
from phisma or tissue are comanitrated in vacno at 40°('. to a voTuuk' 
of 2 to 3 ml., which is then diluted with 40 ml. of distilled water. This 
aqueous (-xtract is transfc'ri’ed to a separatoiy funnel and ('Xti'acted 3 
times with 60 ml. of ethyl acetate each time. I'lie coml)ine(l ethyl ae< tate 
extracts arc dried over sodimn sulhite and evaporated to dryness in 
vacuo at 40°C. 

Peinoval of lipid material. In a water bath (40^('. l the residue 
of the ethyl acetate extract is (aktm up 5 times in 2 ml. of 70'/c 
methanol tind transferred into ti centrifuge vessel. The dis-solution of 
the residue reciuires some time. ( tcciisionally the residue is not com- 
pletely soluble, but the insohible material does not contiiin jn'ogesterone. 
The combined atiucous methanol extract i.s kejtt in a deep freeze at 
— 15°C. (or 18 hours during which time the lipids precipitate almost 
(juantitatively. To complete the precipitation the vessel is centrifuged in 
a refrigerated centrifuge for 15 minutes at —15° to — 20°C. Although 
a satisfactory preci])itation may be obtained at a speed of 3000 r.p.m.. 
the best results are attained using a speed of 15,000 r.p.m. Immediately 
after centrifugation the sujicrnatant is transferred to a 100-ml. sepa- 
ratory. funnel, diluted with 20 ml. of water, and extracted 3 times with 
20 ml. of petroloim ('ther (35-40°C.). The combined light petroleum 
extracts are evaporated to dryness in vacuo. 

, Paper chromatography. The dried residue of the petroleum-other 
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extract is translened to a l.o-nil. cono-sliupod niicrofliisk using methanol 
which is then cvaporatc'd under a nitrogen stream. Tlie residue is ap- 
plied on a 3-eiu.-wide | taper strip (Schleicher and Scliuli, No. 2045 b. 
or Whatman No. 1 1 with a inicropiitel using 0.1 ml. of methanol, 0.1 ml. 
of chloroform twice, and ihen 0. t ml. of nu'thanol again. On a second 
paper strip 10 /tg. of authentic prog<*slerone are ])laced as a reference 
compound. A third striji i.s used us the paper blank. All paper strips 
must be prewashed for al least 48 hours with ab.sohit(> motlianol at 37°C. 

The paper .stiips ai'c transferred to a taidi for jtaper chn)matograi)hy 
containing 8iy/( methanol as the stationary phase and ligroin as the 
mobile phase or methanol as the stationary phase and hexane as 

the mobile phase. Descending paper chromatography is u.scil for 4 hours 
at 37°(1., aft('r 3 hours ('(luilibration at the same temperature. The 
latter system has the advantage that progesti'rone with its relatively 
low Rf value (0.091 is bett<-r .separated from the impurities which 
migrate with the solvt-nt front. 

Elntmn Ilf iiriHicsIcrone. 'I'he proge>terone spot on the ptiper is located 
liy ultraviolet contact photography. Should the progesterone 

(piantity be so small that it c;innot be detected .satisfactorily by the 
I'V contact photography, the locus of tlu' progi‘st(Tone-.{-D’' on the 
paper strip Used for the unknown material can lie tr.aced liy a gas flow 
counter, 'i’lie arett conliiining |»roges(erom' is eluted for 30 minutes with 
2-0 ml. of optically pure ab.solute methanol using the elution ajiparatus 
shown in Fig. 4. .V jiicee of [taper from the lilank stri]) eorres|)onding in 
size and location to that of the .sain|ile strip is eluted in the stune fashion 
with the same iiiiunmt of metbiinol. 

(Juarilil(itiv( (■.'ttliiKilidn. Dne-tenth of the' elnate from (ho sample 
strip is [dated and eounted in a gas (low eounter. The ab.sor|ition of the 
remaining methanol solution, u.sing tlie jiaper blank tis a reference, is 
measuri'd in an UV s|)eel roidiotometer between 220 and 270 ni/n in 
intervals of .'5 ni/ji.. In the region of maximal absor|)tion the intervals 
arc reduced to 1 m/<. .'Should the maximal tdisorption not bi* found at 
240 ni/x recbrom!itogra[diy is ri'eommended. The maximum absorbance 
at 240 m/x is corrected iiy the ,\llen formula: 

O.J.).--, -f O.D.-.,-. 

D.D.-xi.n,.-. - <).D.,h. - 

2 

The amount of [irogesterone [treseiit in the sam[)le i.s finally calculated 
from the absorbancy of a i)rogesteronc standard. Lo.sses arc calculated 
from the rccovciy of the radioactive progestc'rone adfled to the plasma 
(see above). 
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With less than 3-5 fig. of progesterone in the ehuite of the sample, 
miorocells have to be used for the measurement. 

Formation of progesterone bisthiosemicarbazone. 'Phis step has shown 
its value as a routine supplementary cliaracterization of the isolated ma- 



Fia. 4. Appnialu*. for .^liindardi/fd cliition of pioRrstoronp or other steroids from 
paper strips 

terial and as an alternative method for the ((uaTiUttilivc determination 
of progesterone (sec Section IV, C, 1). 

To the dried eluates of the strii)s with the sample and the blank 
one adds 0.5 ml. of a 0.1 M thiosemicarbazide solution in 0.1 N hydro- 
chloric acid, and 3 ml. of absolute methanol, which has been distilled 
over thioseniiearbazido. Tltc mixture is permitted to stand at room 
temperature for 90 min\tles. The absori)tion of the mixture with the un- 
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known sample is then measured against the mixture with a blank in an 
UV spectrophotometer. If progesterone is present, the UV absorption 
maximum will now be found at 301—302 m/t. The quantity of progester- 
one present in the sample can be determined from the absorbancy of 
a progesterone bisthiosemicarbazone standard. 

B. Method of Shokt (1958)’ 

Reagents. All solvents are redistilled before use. The light petroleum 
is the 40°-60°C. b.p. fraction analytical grade. 

Extraction procedure. Blood is collected into a vessel containing an 
anticoagulant (sodium oxalate, sodium citrate, or heparin). The samples 
are kept in a refrigerator at about +5'’C. find the plasma is separated 
by centrifugation a few hours later. The plasma is taken off and a 5 N 
NaOII solution is added to give a final concentration of 0.5^ NaOH in 
the plasma. After thorough stirring, the plasma is transferred to a 
separatory funnel and extracted 6 times with a quantity of ether cor- 
res])onding to 4 times the volume of the plasma. The combined ether 
extracts are washed once with a tenth of their volume of distilled water 
and evaporated to diyncss on a warm water bath, the final traces of 
solvent being blown off under a stream of nitrogen. Occasionally it may 
happen that samples tend to gel after the addition of sodium hydroxide 
to the plasma; however, this docs not appear to interfere with the assay. 

Partition between light petroleum and 70% methanol. The residue 
is redissolvcd, using 3 successive portions of 10 ml. of light petroleum 
(b.p. 40'^-60°C.). This solution is extracted 6 times with 10-ml. portions 
of 70% methanol in a separatory funnel. The combined methanolic ex- 
tracts are tlicn evaporated to dryness in a 500-ml. round-bottomed flask, 
care being taken not to heat the flask above 70°C. The residue is then 
transferred to a 2.5-ml. glass test tube with washings of 1.1 and 0.5 ml. 
absolute methanol, and this solution is subsequently evaporated to 
dryness under a stream of nitrogen in a warm water bath. 

Paper chromatography, elution of progesterone, and quantitative 
estimation. The residue is rodissolved in 0.05 ml. of absolute methanol 
and transferred to a sheet of Whatman No. 20 chromatography paper, 
including two additional washings each of 0.025 ml. methanol. The paper 
chromatography, elution, and quantitative estimation follow the de- 
scription given above for the method of Zander and Simmer. The values 
for human plasma obtained with the method are corrected for extraction 
losses by multiplying by 1.37, since the mean recovery rate of about 

*An extension of this method for the simultaneous determination of estrogens 
lias been described by Short (1960). 
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5-10 /ug. progesterone added to 10-25 ml. male human plasma was 
shown to be 73%. In some instances it is necessary to chromatograph 
the progesterone eluate a second time in order to achieve sufficient 
purification for estimation in the spectrophotometer. In a small pro- 
portion of these cases, even the second chromatography fails to remove 
the impurities that absorb intensely in the 220-m/i region of the ultra- 
violet. According to Short and Eton (1959) the Allen correction, applied 
to these samples, would give a gross underestimation of the progesterone 
concentration. The unidentified impurities can probably be removed by 
acetylating the progesterone eluate with acetic aljffiydrido and pyridine 
overnight. This may alter the R/ value of the impurities in a subsequent 
chromatography. 


C'. Method of Oertkl, Weiss, and Eik-Nes (1959)^ 

Reagents 

1. Absolute ethanol, U.S.P. grade. 

2. Absolute methanol, A.R. grade, redistilled over dinitrophenylhy- 
drazine and over AgoO in vacuo. 

3. n-Hexane, A.R. grade, purified over concentrated waslied 

with bicarbonate and water, and redistilled. 

4. Chloroform, A.R. grade, redistilled over K2CO3. 

5. Benzene, A.R. grade, inirified oyer II2SO4, washed with bicarbonate 
and water, dried, and redistilled. 

6. Propylene glycol, A.R. grade. 

7. Methylcyclohexane, A.R. grade, redistilled. 

Precipitation of protein. To each plasma sample 3000 c.jj.in. of radio- 
active progesterone is added. The plasma is thoroughly shaken for 15 
minutes with 3 times its volume of absolute ethanol in a centrifuge tube 
or bottle. After centrifugation the extract is transferred to a second 
centrifuge tube or bottle and the precipitate is extracted twice with 0.5 
volume of absolute ethanol each time. The combined ethanol extracts arc 
evaporated to dryness in vacuo at 40°C. 

Removal of lipid material. The residue of the ethanol extract is dis- 
solved in 10 ml. of 70%) methanol and kept at — 15°C. for 15 hours 
iii \Sw <mtdtn^d for 15 minutes at 2000 r.p.m. Vn a idrigetaled 
centrifuge. The supernatant is carefully removed and the precipitate 
washed once with 2 ml. of ice cold 70% methanol. The aqueous phase is 
diluted with 15 ml. of water and extracted 3 times with 15 ml. of 

The prr.-jcnt description gives some modifications of the first publication (Oeiiel, 
1960, persuttal communication). 
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n-hexane each time. The combined n^hexane extracts are evaporated to 
dryness in vacuo. 

Paper chromatography. The dry residue is applied on a 4- X 12-cm. 
Whatman No. J paper strip using 3 times 0.2 ml. of methanol chloroform 
(1:1 v/v). In a similar fashion a 50-/ig. sample of androst-4-ene-3, 
17-dione is applied to the same paper strip as a reference compound, 
and the strip is submitted to ascending chromatography with methanol- 
benzene (1:9 v/v) (Oertcl, 1956). Within 3 to 4 hours the free steroids 
are concentrated at the tip of the concentration strip. This tip, contain- 
ing the extract, is cut off and inserted into corresponding cuts on 
propylene-glycol-mothanol-impregnated paper strips (propylene glycol: 
methanol = 1:1.5 v/v). The paper chromatogram is developed with 
methylcyclohexane for 8 hours. With every paper chromatogram a 50-itg. 
sample of progesterone is run alongside on one strip as a reference com- 
pound. After 8 hours the paper chromatogram is romov(5d and carefully 
dried. 

Elution of progesterone and purification of paper eluates. The spots 
of proge.sterone and androst-4-cne-3,17-diono on the standard strip are 
located by the TTV scanning technique and the Rt value of progesterone 
is deteianined. I’he area of the sample strip exhibiting the same R>t value 
as that of the standard progesterone is eluted with mctlianol. Likewise, 
two pieces of paper from a blank strip corresponding in size and 
location to that of the sample strip are eluted, and 10 ng. of progesterone 
arc added to one of the blank eluates. The three eluates are then 
evaporated to dryness in vacuo. The diy residues arc redissolved in 
10 ml. of benzene and extracted once with 5 ml. of 0.5^b sidfuric acid 
and twice with 5 ml. of watesr each time. The benzene solutions are 
evaporated to drj’ness in vacuo. 

Quantitative estimation. The residue of the plasma sample is dis- 
solved in 1 ml. of methanol, and O.l ml. of this solution is plated and 
counted in a windowless coiuiter. The remaining nuithanol solution is 
evaporated to dryness. The dry residue of the three extracts — sample, 
standard, and paper blank — ar<i dissolved in 0.5 ml. of reagent, freshly 
prepared from 1 volume of 80^ ethanol and 2 volumes of concentrated 
IJoStL- The reaction mixture is warmed for 15 minutes at 60°C., cooled, 
and transferred into microcuvettes. The absorption is measured at 260, 
290, and 320 m/x, using the paper blank as a reference. The maximum 
absorbancy at 290 m/x is corrected by a formula similar to that of Allen, 
as modified by Brown: 

O.D.OOO ourr. =2 X O.D.290 — O.D.260 “ O.D..120 
The amount of progesterone present in the sample is then calculated 
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from the corrected absorbancy of the standard. Losses are corrected by 
establishing the recovery of the added radioactive progesterone. Ad- 
ditional information may be obtained by determination of the UV ab- 
sorption of the purified paper eluates prior to the color reaction, using 
the absorbancy at 225, 240, and 255 mfi. 


YIII. Application of Methods 

The practical usefulness of any method dependjs, evidently, upon its 
sensitivity and upon the concentration of the substance to be determined 
in the test material. As stated in Section VI, D, the most sensitive 
methods presently available permit the determination of 0.5 to 1.0 /ig. 
of progesterone. The following discussion on the progesterone con- 
centrations encountered in human tissues and plasma under a variety 
of physiological conditions may be useful in selecting adequate quantities 
of tissue and plasma for a reliable determination. 

A. Tissue 

The range of progesterone concentration in various Inunan ttssues 
and the amounts of tissue needed for a reliable estimation are listed 
in Table VII. Normal values for the total amount of progesterone in 

¥ 

TABLE Vir 

Banc’.k of rnor.ESTEiifiNE Levels in Different Hitman Tissues 


Tissiu' 

Ripe frraafian foUivIt; 
Corpus luteum 
Placenta 
P'at tissue 
Uterine mucosa 
Uterine muscU^ 


Approximate range of 
])rogesterone levels® 
(>ig,/per gram wet tissue) 


10-150.0 

2.0- 50.0 

1 . 0 - 6.0 
< 0 . 1 - 2.0 
< 0,1 

<0.1 


CJnuns of tissue needed for 
reliable anal^^sis with the 
most sensitive methods 
presently available 


1.0 

0.5-1 .0, 
5.0-10.0 
10 . 0 - 20.0 
Unknown 
ITnknown 


“ Single levels in the given range are dependent on the age of the ti.«>su(^ and the 
])hysiological state of the woman. Data reported by Zander et aJ. (1958). 

graafian follicles before ovulation and in corpora lutea during the cycle 
as well as in placenta during pregnancy are shown in Figs. 5 and 6. 






Fig. 5. Total amounts of progesterone (dots) and of combined 20a-hydroxypregn- 
4-en-3-one fraction (solid triangles) in each of 7 follicles obtained 1 to 2 days before 
ovulation and 32 corpora lutea of the cycle. The open triangles represent values 
which wore too low for an exact quantitative determination. From Zander et aL 
(1958). 



MONTH OF PREGNANCY 

Fig. 6 . Total amounts of progesterone in each of 80 human placentae in the 
second to the tenth month of pregnancy. From Zander and von Miinstermann (1956). 
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Because of the relatively high concentration in progesterone-secreting 
organs, reasonable results can be expected with comparatively small 
tissue quantities. Thus it suffices to submit to analysis a single corpus 
luteum or even parts thereof. A relatively small sample of fat tissue 
will also yield satisfactory results. Other tissues, c.g., target organs, 
contain normally such minimal amounts of progesterone that the whole 
available tissue is not sufficient for quantitative estimation of the 
honnonc. 


B. Plasma 

'Whereas the j)rogcsterone determinations in tisstics are, und(;r most 
circumstances, of strictly scientific interest, those in plasma may assume 
considerable i)raetical .significance. Deviations of the nonnal progesterone 
level in blood may give helpful diagnostic indications, e.g., in cases of 
corpus luteum insufficiency threatening abortion or in the presence of 
endocrinological ly active mioplasms. One can visualize al.so that the oh- 
servation of the prog('storone plasma concentration during slirnulation 
witli gonadotropic liormone may lead to valuable diagno.stic information. 
The finst requirement for this kind of study is an exact knowledge (rf the 
progesterone concentration in the blood under physiological conditions. 
Secondly, it would be necessary to have information on the jdiysiological 
fluctuations, e.g., the diurnal A'ariations; thirdly, a method must be so 
.sensitive that repeated jirogesterone detennination.s can be mad(! with a 
reasonably small volume of blood. 

The range of progesterone levels during the menstrual cycle and 
pregnancy of healthy women are listed in Table Vlll together with 
the blood quantities necessaiy for reli.able deteraiinations with pre.sent 


TABLIC VIII 

l^ANiiE OF PH(»0ESTER0NE LeVELK IN HxiMAN PEIlIPHERAli PlASMA 


Millilitors of blood needed 
Approximate range of for reliable analysis with 
progesterone levels the most sensitive methods 

l*^n^sioIogj^*fll state (/ig./lOO ml. plasma) presently available 


CyeAe <1.0- 5.0« 100->UK) 

Pregnaney (OrsibaAf) <5.0-10.0*’ 50-100 

ProffiAoney (sei'ond half) 5.0-40.0^’ 25-50 


« Data reported by Zander (1955) and Oertcl ei al (1959). 

‘ Data reported hy Zander (1054, 10.55) and Short (1968, I960). 
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methods. Figure 7 shows normal values in the peripheral blood plasma 
during pregnancy, beginning with the eleventh week. It is evident that 
in the luteal phase of the cycle and in the first half of pregnancy, the 
amount of peripheral (arm vein) blood needed for reliable analysis is 
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I'lG. 7. Concentration of progcslcionc in plasma of i)rcpnant women. Eo.sult* are 
corrected for extraction losses and expressed as /ug. progesterone per 100 ml. of 
blooil. From Short (19611. 


still too liigh to make repeated determinations feasible without endanger- 
ing the w(!U being of the patient. For both scientific and diagnostic 
probletns, repeated determinations are most desirable and thus every 
effort must be made to develop metbods with greater .‘sen.sitivity. 


I\. Suggestions for Furlher Dcvelo|»menl of Methods 

According to the conclusion reached in Section VITI, B, the chief 
desideratum for further progress in this held remains the development of 
methods with increased sensitivity without loss of reliability. Especially 
for clinical investigations, a method would be required which needs 
not more than 5-10 ml. of blood for a single determination. For such a 
goal the sensitivity of the present methods would have to be increased 
ten- to twentyibld. It is rather doubtful that the sensitivity of any of 
the quantitative procedures described in Section TV can be increased to 
that extent. An exception is the new fluorescence reaction of Touchstone 
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and Murawec (1960) which may be helpful for the development of more 
sensitive routine methods, provided it is possible to maintain a sufficient 
reliability using this method. 

It would be promising to find ways and means for the formation of 
radioactive derivatives of isolated progesterone with radioactive ketonic 
reagents, e.g., with C^^-dinitrophenylhydrazinc or C^^-thiosemicarbazide. 
Such derivatives could be easily characterized by their chromatographic 
mobility, and the quantitative estimation of progesterone could be per- 
formed by measuring the radioactivity of the derivative. 

By utilizing the same principle it should be 'possible to prepare a 
radioactive derivative, e.g., by acetylation with C**-acetic anhydride, 
after chemical or enzymatic reduction of the keto group at C-20. 

It seems possible that this or a similar approach would increase the 
sensitivity of the methods considerably without loss of reliability. 
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I. The Metabolic Precursors of Pregnanediol 
and of Pregnanetriol 

In Fig. 1 are shown the structural formulas of the inert urinary 
metabolites to be discussed in this chapter together with the formulas 



Progesterone I 


Deoxycorticosterone II 17cv-Hydroxyprogesterone B 



5/) -Pregnane -3a, 20a-diol IV 5(^-Pregnane-3a, !?«: 20a-triol V 

Fia. 1. The metabolic precursors of pregnanediol and pregnanfilriol. 


of the active honnones from which they are presumed to be derived. 
These urinary end products are 5^-prcgnanc-3a, 20a-diol (IV) and 
5j8-pregnane-3a, 17a, 20a-triol (V) . 

A. The Structural Relationship 
OP Progesterone and Pregnanediol 

The characteristic features of progesterone (I) are ringed in Fig. 1. 
They are the keto group at C-3, the unsaturated bond between C-4 and 
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C-5, and the keto group at C-20. All three of these groups are subject 
to metabolic reduction. It is by no means certain in which order these 
reductions take place but it is convenient to consider first the effect of 
saturating the double bond between C-4 and C-5. This gives rise to the 
compound pregnanedione. As a result of the saturation of the double 
bond C-5 now has a hydrogen atom attached to it. There are in 
fact two pregnanediones depending upon the orientation in space of 
this hydrogen atom. If it is on the same side of the nucleus as the 
methyl groups at C-18 and C-19 {cis), the compound is designated 
5a-pregnanedione, the parent compound of the allopregnane series. If the 
hydrogen group is opposite to (trans) the angular methyl groups the 
compound is designated 5)8-pregnanedione. Pregnanediol itself is a deriva- 
tive of the 5)3 series. The keto group at C-3 is ])robably reduced to a 
hydroxyl group at the same time as the saturation of the double bond 
occurs. This hydroxyl group may again be either cis or fraus in orien- 
tation. There are thus four pregnanolone isomers, one of which, 5)8- 
pregnan-3a-ol-20-one, occurs in appreciable quantities in urine. Finally 
the C-20 keto group is also reduced to either an a- or a )8-hydroxyl 
group. It follows that at least eight pregnanediol isomers may occur. 
Fortunately there is clear evidence that in man the metabolic pathway 
is specifically directed toward the production of 5)3-pregnane-3a, 20a-diol, 
the compound to which the common name pregnanediol is applied. An- 
other pregnanediol isomer 5a-pregnane-3a, 20a-diol, has been isolated in 
small quantities from pregnancy urine by Hartmann and Locher (1934) , 
and it is likely that small amounts of other isomers are noimally present 
in urine. No methods exist fc. their separate assay. They are not kno^vn 
to have any particular physiological significance and arc not present in 
sufficient amount noticeably to affect Hie assay of 5)8-prcgnane-3«, 20a- 
diol although they may be present to some degree in the final residues 
which are measured. 

B. The Stbuctuhal Relationship 

OF 17a-HYDKOXYPROGESTERONE AND PrBCNANETKIOL 

As can be seen in Fig. 1, 17a-hydroxy progesterone (III) differs from 
progesterone only in having the hydrogen atom on C-17 replaced by an 
a-orientated hydroxyl grouj). There appears to be no clear evidence to 
suggest how, if at all, this influences the metabolic reduction of the 
a,/3-unsaturated ketone in ring A or the C-20 carbonyl group. The in- 
dications are that metabolism follows the same lines as that of proges- 
terone, a similar series of intermediates and isomers being formed which 
differs from the progesterone series only in the i)osse6sion of the extra 
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hydroxyl group at C-17. Thus prcgnan-17a-ol-3, 20-dione is an ac- 
cepted intermediate and pregnanc-3a, 17a-diol-20-one has been isolated 
from urine. 


C. Precubsoks Other Than Progesterone 

AND 17a-IlYDROXYPBOGESTEBONE 

Horwitt et al. (1944) have produced evidence that the administration 
of deoxycorticosterone (TI) gives rise to urinary pregnanediol. This 
does not of course i)rovc that some deoxycorticosterone is not first con- 
verted to progesterone. Indeed it is assumed by Dorfman (1954) in his 
analysis of deoxycorticosterone metabolism that the pregnanediol ex- 
creted from this compound is formed via progesterone. Deoxycorticoster- 
one has been isolated from adrenal tissue (Hechter and Pincus, 1954), 
but it does not appear to be an adrenal homione in its own right and 
there is no reason to suppose that it contributes any substantial fraction 
to the urinary pregiuanediol. As might be expected, 17-hydroxy-ll-deoxy- 
corticosteronc is a precursor of urinaiy pregnanetriol but here again 
the same observations hold good as for deoxycorticosterone and preg- 
nancdiol. In practice it has appeared safe to ignore all precursors of preg- 
nanediol and pregnanetriol other than progesterone and 17«-hydrox'y- 
progesterone. 


II. Organs Producing Pregnanediol 
and Pregnanetriol Preeursors 

A. Ovary 

Progesterone is produced by the corpus luteum in the ovary and has 
been isolated from luteal tissue in tlie sow (Butenandt ct al., 1934). It 
is presumed to originate from the granulosa lutein cells of the corpus 
luteum but it is po.ssible tliat the cells of the theca inb'rna are also 
capable of j)roducing progesterone. 

There is clear evidence for the existence of androgenic activity in 
the ovaries of birds and material having androgenic activity has been 
extracted from mammalian ovaries but no pure substance has been 
isolated. 

Some ovarian tumors, such as arrhcnoblastomata, arc known to cause 
masculinization but it is sometimes difficult to exclude aberrant adrenal 
tissue as the cause of virilization. Deanesly (1938) associated the andro- 
genic activity of the ovary with the theca interna. Recent work has sug- 
gested the possibility of an anabolic pathway for estrogens leading 
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frolu progesterone thi'ough 17o-hydroxyprogesterone and A*-androstene-3, 
17-dionc (Baggett et al., 1959). Both the latter have in fact been 
isolated from mare follicular fluid (Short, 1959) . It is i)ossible therefore 
tliat 17a-hydrox’yprogesterono may be produced in the ovary as an inter- 
mediate in the anabolism of its characteristic hormones and that, on oc- 
casion, urinary pregnanetriol arises as the metabolite of an ovarian 
]5recursor. At present these possibilities are speculative but more might be 
learncid from pregnanetriol assay in patients suffering from virilism. 
Even where the masculinization is of ovarian origin as in the Stein- 
Lcventhal syndrome the presumed androgen may well give rise to 
metabolite.s such as pregnanetriol. 

B. Placenta 

Progesterone has bc'i'ii isolated from human placentae (Pearlman 
and Cercoo, 1952). Tissue culture experiments suggest that it is produced 
by the syncitiotrophoblast. 


(’. Adrenal 

The elaboration of tlu; characteristic corticoids of the adrenal aj)- 
pears to proceed in the zona fa.sciculata of the adrenal cortex. Figure 2 
shows the scheme of cortico.steroidogcne.sis suggested by Hechter (1955), 
a \'ii’w whicli has gained wadc-sjuvad accejitance. This emphasizes the 
central roh; played by progesterone and 17rt-hydroxyprogesterone in the 
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Pig. 2. Scheme of corticosieroitlogcncsis." 
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elaboration of adrenal hormones. A significant fraction of the preg- 
uanediol normally present in the urine of both sexes has been shown 
to come from the adrenal, presumably as an incidental catabolite of 
progesterone acting, not as an active hormone, but as a central inter- 
mediate in corticosteroidogencsis. An association between the levels of 
urinary pregnancdiol and the physiological activity of the adrenal has 
been demonstrated by Klopper and his associates (1957). 

It has been shown by Bongiovanni and his co-workers (1954) that 
pregnanctriol is excreted in large quantities in the urine of patients with 
virilizing adrenal hyperplasia. It has been su^ested that in these 
patients a defect exists in tlie anabolism of 17a-hydroxy progesterone to 
corticoids. There is an increased secretion of adrenocorticotropin with 
resulting overproduction of virilizing steroids. Bongiovanni et al. (1954) 
were able to show that the administration of cortisone leads to a fall 
in the excessive output of pregnanctriol by these patients. 

III. The Occurrence of Pregnancdiol and Pregnanctriol 

A. Blood 

A method for the estimation of pregnanediol in blood ha? been 
published (Sommerville and Deshpande, 1958). It appears to be a 
preliminary study soon to be superseded, but these workers have indi- 
cated that pregnanediol is present in the plasma and that at least some 
of it is in the same form as that in which it occurs in urine, i.c., as a 
glucuronoside. No experiments appear to have been done to determine 
whether any pregnanediol occurs in simple solution as the free alcohol, 
or in some sort of association with plasma proteins or whctlier the red 
cells have any appreciable pregnanediol content. 

B. Bile 

Rodgers and McLellan (1951) found pregnanediol in the bile of 
patients given large doses of progesterone by mouth. In a scries of 
measurements of biliary pregnanediol following the injection of pro- 
gesterone, Kloi)pcr and Macnaughton (1959) showed that 3-5% of the 
progesterone was present as pregnanediol in the bile. All the biliary 
pregnanediol they found was present in the conjugated form. 

C. Feces 

Pregnanediol has been isolated from the feces of a pregnant woman 
by Klopper and Macnaughton (1959). It was present as the free steroid. 
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They surmised that an enterohepatic circulation of pregnanediol might 
take place. Some of the water-soluble conjugated pregnanediol formed 
in the liver is secreted into the bile, and in the gut some of this is 
hydrolyzed, presumably by bacteria, to the free insoluble alcohol and 
excreted in the feces. Any unhydrolyzed soluble material is reabsorbed 
and excreted in the urine. 


D. Fat 

The work of Davis and Plotz (1958) has shown that progesterone or 
its metabolites may be stored for a considerable length of time in the 
fat compartments of the body. It is difficult to assess what proportion 
may be thus stored but it is unlikely to exceed 30%, which is the 
fraction of injected radioactive progesterone they were unable to ac- 
count for in other biological fluids. 


E. Urine 

Figure 3 shows the structural formula of pregnanediol glucuronoside, 
the water-soluble compound which occurs in urine. Some steroids, such 



Fio. 3. The structural formula of pregnanediol glucuronoside. 


as estriol, also occur in urine as sulfates but pregnanediol sulfate has 
never been isolated. Pregnanediol glucuronoside may readily be hydro- 
lyzed in urine, probably by bacterial action, releasing the free, inspluble 
steroid. Partial hydrolysis of the conjugate was one of the main sources 
of error in earlier methods for the estimation of urinary pregnanediol 
which depended on the isolation of the conjugated material. As the free 
alcohol is produced by incubating urine with jS-glucuronidase, it is clear 
that some, if not all, the pregnanetriol in urine is also present as a 
glucuronoside. 
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IV. Quantitative Relationships between Hormone Production 
and Metabolite Excretion 

Almost invariably estimates of urinary metabolites are made in 
order to get an impression of the rate of production of the original 
hormone. For this purpose it is useful to know the ratio between active 
hormone and inert metabolite, and it is essential that some fairly 
constant relationship should exist between the two. It must be admitted 
that the constancy of the relationship between pi^gesterone production 
and urinary pregnanediol is open to question and that there is very 
little evidence bearing on the ratio bctw’oen 1 7a-hydroxyprogcsteronc 
and urinary pregnanctriol. 

A. Progesterone and Urinary PREf.NANEDioi. 

A good deal of work lias been done on the recovery of urinary 
pregnanediol after the injection of progesterone. In a series of 16 ex- 
periments Klopper and Michie (1956) found that, when i)rogest(>rone 
was injected, the recovery of material as urinary jin'gnanediol ijanged 
from 5 to 17% with a mean recovery of 13%. In the majority of cases 
the conversion fell into a very narrow range between 11 and 14%. It 
w'as at one time suggesteil that the conversion of progesterone to urinary 
pregnanediol was enhanced in pregnancy oi- when a sf'crettiry endo- 
metrium was i)resont but (he experimenhs of Klopper and Michie 
(1956) and of Davis and Plots (1958) have dis]K)sed of this idea. The 
liver ajipcars to be the main site for the metabolic reduction of proge.s- 
terone to pregnanediol. This read ion has indeed been demonstrated in- 
vitro with liver preparations by Taylor (1955). E-Xfierimental findings 
suggest that even in severe liver disease the capacity of the liver to effect 
the reduction of progesterone to pregnanediol i.s not alTected. 


B. 17a-HYl)ROXYPROGESTERONB AND PrEGNANKTRIOL 

Very little is known about the quantitative relationship betw'een the 
17«-hydroxyprogesterone produced in the body and the pregnanctriol ex- 
creted in the urine. Bongiovanni et al. (1954) showed that an increase 
in urinary pregnanctriol excretion occurred when 17«-hydroxyprogestcr- 
one was injected into patients with adrenal hyperplasia but not in 
normal people. Pregnanctriol is present in the urine of normal subjects so 
that it is likely that a proportion of 17a-hydroxyprogeeterone is thus 
catabolized. Evidently, however, the main metabolic pathway for 17a- 
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hydroxyprogesteronc is in corticosteroidogenesis, and the normal urinary 
output of pregnanetriol is of no particular physiological significance. 
Bartter (1951) has postulatc'd that the adrenogenital syndrome is due to 
a defect in glucogenic corticoid synthesis. It is in patients with this con- 
dition that a large excretion of pregnanetriol may indicate blockage in 
the normal pathway of 17a-liydroxyprogestcroue. 


V. The Devclopmciil of Methods for the Assay of 
Pre^gnanediol and Pregnanetriol in Urine 

A. PllE(iNANEDIOI. 

1. Isolation and Identification 

In 1929 Marrian isolated a crystalliia' solid from the unsaponifiable 
re.'iiduo of ether extracts of late ])regnancy urine, lie showed this com- 
pound to be a dihydroxy alcohol. Butenandt in 1930 and 1931 worked 
out its empirical formula and proved that it was a saturated dihydroxy 
compound with 4 hydrogenated rings in the molecule. He pointed out 
its relationship to the sterols and bile acids and named it pregnanediol. 
In 1934 Butenandt and Schmidt demonstrated a connection between 
pregnanediol and the active hormone progesterone by synthesizing the 
latter from pregnanediol. 

In 1936 Odell and Marrian extracted a (amiblned form of pregnanediol 
from pregnancy urine. They noted that the free steroid could be ob- 
tained by hydrolysis of this compound with hot acid. Later in the 
same year ^'('nning and Browne (1936) isolated the Avater-soluble com- 
bined form of i)rcgnanediol from butanol <‘xtracts of late pregnancy urine. 
They were able to show that it was present as the monosodium salt of 
pregnanediol glucuronic acid. In 1937 Venning and her colleagues demon- 
strated a physiological connection between progesterone and pregnanediol 
by isolating the latter from the urine of subjects injected with proges- 
terone and of normal women in the luteal phase of their menstrual cycle. 
It therefore appeared that the quantity of jiregnanediol in the urine might 
serve as an index of the production of progesterone in the body. At- 
tention was accordingly directed to the elaboration of methods for assay- 
ing urinary pregnanediol. 

2. The Growth of Quantitative Methods 

a. Gravimetric Methods. The first attempt at a quantitative determi- 
nation of urinary pregnanediol was made in 1937 when Venning published 
a method based on her technique for isolating the sodium pregnanediol 
glucuronoside complex. The complex was extracted from urine with 
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butanol which was washed with strong alkali solution. The residue left 
after evaporation of the butanol was then twice precipitated from 
aqueous solution by the addition of acetone. Finally the precipitate was 
dried and weighed. She concluded that her method recovered a proportion 
of sodium pregnanediol glucuronoside which grew larger as the amount 
of steroid originally present in the urine, grew larger, and she devised a 
formula to calculate the true content. The minimum which could be 
measured with any degree of accuracy was 5 mg. of pregnanediol per 
500 ml. of urine. 

The publication of this method stimulated research. Many quantita- 
tive analyses were performed on urine from both pregnant and non- 
pregnant women. As commonly occurs with new methods, workers doing 
such assays introduced minor modifications of their own. Several years, 
however, elapsed before the limitations of this method were sufficiently 
clear to stimulate the search for more refined methods of assay. Instead 
the basic work on the physiological role of progesterone was pursued 
using this new tool. Indeed, today much of our information on the ex- 
cretion of pregnanediol in health and disease is still based on results 
obtained by this method. 

By 1938 Venning had done more than 2000 pregnanediol determi- 
nations and noted some of the shortcomings of the technique. She found 
that the final residue was often grossly impure and that spontaneous 
hydrolysis of the glucuronoside comple^Jt tended to take place before the 
urine could be processed. The limitations of the Venning procedure led 
to many attempts to improve upon it. Maughan et al. (1938) hydrolyzed 
the glucuronoside complex isolated by the Venning technique and meas- 
ured the glucuronic acid set free by a modification of the Tollens 
naphtharesorcinol reaction. Allen and Viergiver in 1941 and Hechter 
in 1942 carried this idea further, improving on the Venning precipitation 
procedure and producing more refined ways of measuring the liberated 
glucuronic acid. 

b. Add Hydrolysis and Predpitation. A major advance in the 
technique of pregnanediol assay was introduced by Astwood and Jones 
in 1941. They did not extract the conjugated steroid from urine but 
first hydrolyzed it by boiling the urine with hydrochloric acid. The 
free steroid was then extracted with toluene and the acidic impurities 
removed by treatment with sodium hydroxide. The residue was further 
purified by repeated precipitation from ethanol using dilute sodium hy- 
droxide or water. The final precipitate was dried and weighed. 

e. The Use o/ the Sulfuric Add Color Reaction. A further improve- 
ment in assay technique occurred in 1941 when Talbot et al. found that 
pregnanediol gave rise to a yellow color with sulfuric acid. They applied 
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this to the material isolated by the Astwood and Jones process, compar- 
ing the density of the colors thus produced with that from known 
weights of pure pregnanediol. 

d. Further Refinements and Simplifications. Sommerville et al. 
(1948a), studied critically all the steps which had been evolved — ^hy- 
drolysis, extraction, alkali treatment, precipitation, and sulfuric acid 
color reaction — and suggested improvements in each. By now, however, 
the assay method had grown too cumbersome for routine clinical purposes 
and various short cuts were evolved, notably by Sommerville et al. 
(1948b) and Guterman and Schroeder (1948). These reduced the pre- 
cautions taken to ensure the quantitative recovery of steroid and so 
detracted from the reliability of the results. Some investigations of 
obstetric pathology and metabolic experiments produced conflicting re- 
sults. It became evident that it would be necessaiy to design methods of 
pregnanediol determination which would be more reliable and less 
laborious if useful clinical information was to be obtained, especially 
in nonpregnant states. 

e. Enzyme Hydrolysis. In order to avoid the contamination of ex- 
tracts by the pigments produced in the acid hydrolysis of urine, Cohen 
(1951) published a method in which hydrolysis was effected by )8-glu- 
curonidase extracted from calf spleen. With subsequent methods, how- 
ever, it has been possible to eliminate the unwanted chromogens resulting 
from acid hydrolysis. As enzyme hydrolysis is more laborious and be- 
cause aberrant enzyme inhibitors may occur in urine, modern methods 
have favored acid hydrolysis wherever possible. 

/. (Uiromatogrnphic Techn'.mcs. The introduction of chromatography 
to the field of steroid chemistry led to the application of this technique 
to pregnanediol assay. In 1947 Huber published a method in which the 
neutral toluene extract of hydrolyzed urine was ab.sorbed on alumina, 
the pregnanediol being eluted with ether. This method was modified 
and greatly improved by do AVatteville et al. a year later (1948). Other 
chromatogra])hic techniques were published in America during 1952. 
Stimmel et al. (1952) used an alumina adsorption technique followed 
by precipitation from ethanol. Later in the same year a more definitive 
technique was published by Chaney and his collaborators (1952). They 
used a chromatographic column consisting of Celite and calcium carbon- 
ate from which the pregnanediol was eluted with a mixture of methanol 
and toluene. 

The final residue obtained by all these methods is impure. Some of 
the contaminants are intensely chromogenic with sulfuric acid and even 
small amounts of impurity may give rise to massive overestimates. 
These considerations led Klopper and* his associates (1965) to introduce 
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an alumina adsorption chromatography method in which the potentiali- 
ties of this technique were more fully exploited. This was done by design- 
ing a solvent system such that fast-running compounds such as 17-oxo- 
steroids were first removed from the column and that trihydroxy or 
tetrahydroxy compounds were left on the column after the removal of 
pregnanediol. Pregnanediol was further separated from contaminants by 
acetylation and repeat chromatography in a different system. At the 
same time Klopper et al. introduced a further purification step by 
oxidation of the neutral toluene extract of hydrolyzed urine, and later 
also studied the sulfuric acid color reaction in some detail (Klopper, 
1956). A different line was follow’ed by Bongiovanni and Eberlein (1958) 
who use paper chromatography to jjroducc pregnanediol free from aber- 
rant sulfuric acid chromogens. 

The methods mentioned in this chapter arc a selection from the 
large number of “new” tcchniciues produced each year. Most of these 
are minor modifications of existing practices, e.g., the techniques of 
Westphal (1944), Furuj holm (1953), Trolle (1955) , Vorboom tl957),and 
Jensen (1958). They have not been applied outside the laboratories of 
their originators. 


B. Prison \NKTR ioii 

1. Isolation ayid Identification 

Butler and Marrian in 1937 were the first workers to isolate 
pregnanetriol from urine. They found the steroid in the urine of two 
women suffering from the adrenogenital syndrome. They wen; able to 
do a structural identification of the molecule and to list its i)ropertic.'5. 
This publication appears to have roused very little interest and it was 
not until 1953 that Cox and Marrian showetl that pregnanetriol was 
also present in urine from nomial men and assessed the normal ex- 
cretion to be 1-2 rag./24 hours. 

2. The Growth of Methodology 

As its precursor in the body was not a hormone with a clearly 
defined physiological role, there w’as no stimulus for the development 
of methods for the quantitative assay of urinaiy pregnanetriol. Also 
pregnanetriol is not stable to the visual hot acid hydrolysis employed 
in steroid analysis and its quantitative estimation was delayed until 
enzyme preparations were more readily available. Two events have 
in recent years given fresh impetus to methodological research in this 
field. The first was the realization of the central role of 17a-hydroxy- 
progesterone in corticostoroidogenesis in the adrenal and its possible role 
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in ovarian physiology (Section II, A and C) . The second was the demon- 
stration by Bongiovanni et al. in 1954 that patients with virilizing 
adrenal hyperplasia excrete large amounts of pregnanetriol in the urine. 
Bongiovanni and Clayton published a quantitative method in 1954. The 
urine was incubated with /S-glucuronidase and the pregnanetriol ex- 
tracted with benzene. The extract was then fractionated on alumina, 
separating off pregnanediol and other stcroid-s. The pregnanetriol was 
finally estimated by the sulfuric acid color reaction. Two later methods 
(Stern, 1957 ; Bongiovanni and Eberlcin 1958) both used the same princi- 
ples, alumina chromatography and sulfuric acid color reaction. De Courcy 
(1956) isolated pregnanetriol by paper chromatography and detected the 
steroid as a blue spot with a special trichloroacetic acid reagent. Her 
technique is j)rimarily (pialitative but a rough quantitative estimate 
can be obtained by examining the fluoro-scence of the spot. Herrmann 
and Silverman (1957) used chromatography on Tlorisil and estimated 
by the Zimmermann reaction the 17-oxostcroid liberated as a result of 
oxidation of the pregnanetriol fraction with sodium bismuthate. Cox 
(1959) measured the acetaldehyde produced when pregnanetriol was 
oxidized with periodic acid, having first been isolated by paper chro- 
matography. Fotherby (19601 has produced a somewhat more refined 
version of Stern’s method, making better use of the capacity of alumina 
columns to resolve complex steroid mixtures. 


VI. A Critical Evaluation of the Principles of 
Published Methods of Assay 

Criteiua hy Which C’hemical Assays 
(IF Urinauv .Stijboids .''Hoi’i.o Be .TrnoEi) 

Certain data should always be published with any new method in 
order to enable the reader to evaluate it. Unfortunately few publications 
do in fact give such data fully. It is es.sential to give adequate findings 
on specificity, accuracy, precision, and scn.sitivity. These criteria have 
been fully discussed by Borth (1952) and by Loraine (1957) but they 
arc sufficiently important to warrant re;teration. 

1. Specificity 

Specificity is the degree to which only the material to be assayed is 
measured in the final determination. There is no known specific reaction 
for pregnanediol or pregnanetriol. The specificity of any assay method 
therefore depends to a large extent on how completely the steroid can be 
separated from the other constituents of urine and from the substances- 
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employed in their isolation. In practice such isolation has always to be 
balanced against the losses incurred with each purification step. The bad 
compromise is often excused by the statement that “it is good enough 
for clinical purposes.” Clinical purposes are in fact no less exacting than 
any other scientific purpose. 

2. Accuracy 

Accuracy is the nearness with which a given analytical result ap- 
proaches the “true” result. The accuracy of a method for urinary preg- 
nanediol or pregnanetriol can be assessed by the pcrcehtage of the steroid 
recovered when measured amounts are added to the urine. As both these 
steroids are excreted in the conjugated form, tru(“ rccov(>ry experiments 
should consist of the addition of accurately measured amounts of the con- 
jugates. These are, however, very difficult to obtain in a satisfac.tf)i‘il> 
pure state. Most of the recoverj' experiments have in fact been done by 
the addition of measured amounts of the free alcohols to urine. This is 
legitimate providing it is clearly realized that such experiments presup- 
pose that the conjugate is completely hydrolyzed in the method used 
and that hydrolysis does not involve any destniction of the steroid. In 
a critical review of methods for mea.sunng steroids Marrian (1956) sug- 
gested that recoveries above 759^* could be regarded as satisfactory. 

3. Precision 

• * 

Precision can be defined as the degree by which duplicates differ from 
one another. It is usually cxpre.s.«cd as the standard deviation of replicate 
determinations. Marrian (1956) suggested that a standard deviation of 
10% at optimal steroid concentrations was a reasonable precision at 
which to aim. 

4 . Sensitivity 

Sensitivity is the smallest weight of material which can accurately 
be recovered. It has sometimes been assumed that the sensitivity of a 
method is the smallest quantity of material it can detect. This may give 
a falsely favorable impression of sensitivity. Some color reactions, e.g., 
the Kober reaction, can detect very small amounts of material. In prac- 
tice such small amounts cannot consistently and fully be distinguished 
cither from nonspecific background color or from very slightly different 
amounts of the authentic substance; amounts which may differ very little 
in absolute terms, yet form a very large percentage of the total being 
measured. The sensitivity of a urinary method is related to the volume of 
urine which is used. Sommerville et at (1948a) could satisfactorily re- 
cover 0.4 mg. of pregnanediol when added to 500 ml. of urine. Such a 
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quantity is, however, too small to measure by their method when added 
to a full normal 24-hour specimen of urine, the true sensitivity being ap- 
proximately 2.0 mg./24-hour urine sample. All sensitivity statements 
should, thei'efore, b<! related to the basic physiological unit of a 24-hour 
urinary outi)ut. 

5. Convenience 

Convenience is measured by the time taken to carry out a method, 
the skill required, and the materials consumed. The convenience of a 
method is also largely to be judged in terms of the purpose for which 
assays are undertaken. The somewhat laborious procedure of Sommer- 
ville ct al. (1948a) is suitable for occasional acute experiments but not for 
tlie larger series of determinations neces.sary to give a reliable account of 
(he physiological variations of pregnancdicl excretion in the normal men- 
.'trual cycle. 

B. The Application of Reliability Cbiteiua to Assay Methods 

1. Methods Based on the Isolation oj the Conjugated Steroid jrom Urine 

These methods are for the present largely out of use and do not there- 
fore warrant detailed consideration. They arc liable to irregular losses of 
conjugate by spontaneous hydrolysis as shown by Bucher and Geschickter 
(1940). The water-soluble conjugates are more difficult to purify than 
the free steroids. Large volumes of urine have to b j used. The very polar 
solvents which have to be u.scd extract a large bulk of unwanted material 
from the urine. It is clear th*'t these impurities are often incompletely 
removed in the Venning jiroce.ss by reason of the need for a melting-point 
control of the end product and of the considerable range (11°C.) over 
which the end point is allowed to vary. The introduction of a correction 
formula for an estimated loss during the assay merely multiplies the 
assumptions on which the final figure is based. The precipitation of so- 
dium pregnanediol glucuronoside is incomplete as has been shown by the 
work of Westphal (1944). It is likely that most of the impurities present 
in the final residue are glucuronosides in which event the measurement 
of glucuronic acid liberated on hydrolysis reduces the specificity of the 
estimation. Finally the poor sensitivity of methods involving the meas- 
urement of pregnanediol glucuronoside is a major disadvantage from the 
point of view of investigations on nonpregnant subjects. 

The Hydrolysis of Steroid Conjugates 

Acid hydrolysis sets free in the urine a great variety of pigments and 
other material chromogenic with sulfuric acid. These substances are 
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readily extracted from the aqueous phase by organic solvents; they may 
be exceedingly difficult to remove completely. Some are intensely cliromo- 
genic and (;von small traces may give rise to gross overestimation. Enzyme 
hydrolysis is much more specific and docs not appear to give rise to the 
formation of artifacts or to the destruction of steroids. Enzyme hydroly- 
sis is essential for the estimation of pregnanetriol which is not stable 
when set free in hot acid solutions. Pregnanediol, however, is a very 
stable steroid and can be protected from prolonged contact with boiling 
dilute acid by a toluene overlay. For pregnanediol, acid hydrolysis is 
preferable to enzyme hydrolysis, as it is simpler, '^juicker, and can be 
more rigidly controlled, provided that it can be shoAvn that hydrolysis 
is complete without destruction of the liberated alcohol and that other 
material set free by acid hydrolysis can be completely removed. 

3. Precipitation Proccdurca 

Precipitation procedures in the purification of steroid extracts have 
grave disadvantages. As apj)licd in practice they depend on the fact that 
these steroids, which are soluble in organic solvents, are largely insoluble 
in water. The steroids can, therefore, be precipitated from water-miscible 
solvents by the addition of water. This would be an admirable proQpdurc 
if there was a sharj) critical point of dilution at which the steroid became 
insoluble. Pregnanediol becomes increasingly insoluble over a broad range 
of dilution with no final end point of complete insolubility. It is to some 
extent soluble in water. Alcoholic solutions of urinary extracts contain 
a great variety of stci’oids as well as other substances which are largely 
insoluble in water. Any set of conditions optimal for the preeijutation of 
pregnanediol will to a greater or lesser extent overlap the precii)itation 
range of these. Repeated precipitations greatly reduce this contamination 
but increase the loss of pregnanediol. It is also veiy difficult in a routine 
process to recover quantitatively from an aqueous medium a finely 
divided suspension of a steroid. 

4- Chromatography 

The introduction of chromatographic techniques has transformed 
steroid assays. These methods are eminently suitable to the purification 
of pregnanediol and pregnanetriol and should now replace older methods. 
The choice in fact is largely which type of chromatographic technique is 
most suited to the purposes of the assay and the facilities of the labora- 
tory. 

a. Paper Partition Chromatography. The particular advantage of 
paper chromatography in this field lies in its high degree of specificity. 
Properly used, paper chromatography can resolve very complex mixtures 
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of closely related compounds. It is therefore a reliable means of indicat- 
ing the presence of a known compound or of comparing an unknown one 
with authentic steroids. As a tool in quantitative determination it is less 
useful. Only very small quantities of material can be analyzed. It is diffi- 
cult to remove the pure material quantitatively from the paper, and ma- 
terial affecting subsequent color reactions is usually eluted with the 
steroid. It is a tedious and skilled technicpie not easily adaptable to 
large-scale use in routine laboratories. 

b. Column Partition Chromatography. Column partition chromatog- 
raphy techniques share many of the advantages of paper chromatography 
and can in addition process larger amounts of nraterial. They, like coun- 
tercurrent methods, are eminently suitable for the preparation of larger 
amounts of material preliminary to its crystallization and iilcntification 
by classic chemical methods. They are, however, essentially single-run 
techniques and are too elaborate and re(|uire too rigidly standardized 
conditions for routine assay purpose.^. 

c. Adsorption Chromatography. ,\d.«orj)tion methods using columns of 
inert material such as alumina, are not as highly sj)ecific as paper chro- 
matography but are eminently suitable for large-scale use in routine 
assays. Their po\ver.s of resolution can be gieatly increased by repeated 
runs or by lepeating the chroinalograi>hy using derivatives of the steroid 
which is being assayed. Henzoates or aeotatt*s, for example, have quite 
different chromatographic properties from their parent alcohols. Very 
often imi)urilies iunning clos<* to the alcoholic steroid do not themselves 
pstorify or else fonu estei's wliich behave differently or. the chromatogram 
from the <'sters of tli(' steroid alcolu)! being assay('d. 

■T. Color Jienclioiis 

Simple weighing of the final resi<loe i.s too unsj>eciric and insensitive 
for most purposes. The sulfuric acid color rc'action is very sensitive and 
under properly controlled conditions is an accurate means for measuring 
both steroids. The nature of the reaction and the final ])rodu(;t.s formed 
are largely unknown. It is certain that a liaphazard use of the reaction 
will not give good results. The factors controlling this reaction have been 
analyzed in a study by Klopper (1956;. Fortunately pregnanetriol and 
pregnanediol are, among steroids, easily the nmst potent chromogens in 
sulfuric acid at the wavelengths examined. This confers a considerable 
degree of specificity on the reaction. Large amounts of, for example, 
cholesterol or of androstanediol would have to be present in the final 
residue to cause any ov(*r(*stimation of pregnanediol or pregnanetriol. 
The absorption peak most commonly used for pregnanediol is at 425— 
430 m/tj and for pregnanetriol at 435—440 mp. The absorption spectrum 
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of the latter in this region is particularly suitable for the Allen correc- 
tion formula using readings at 400, 435, and 470 rap.. 

VII. Recommended Methods 

A. Methods fob the Assay op Urinary Pbegnanediol 

1. A Technique Using Chromatography on Alumina Columns Published 
by Klopper and His Associates (1955) 

In this method the alumina used is first deactivalted and standardized 
in bulk. The alumina supplied by the manufacturers is spread out in 
closed flat-bottomed flasks with a container of water suspended above 
the alumina in order to ensure that the atmosphere is moisture saturated. 
The alumina is stirred from time to time. After 10-14 days it ceases to 
take up water from the atmosphere and the activity will then remain 
constant if it is stored in closed containers. The activity of the alumina 
is now measured against pregnanediol and pregnancdiol diacetate. Model 
chromatographic columns are set up as used in the routine assay method. 
A few crystals of pregnanediol are dissolved in 10 ml. of toluene and 
poured onto a column made up in benzene. When all the solvent has^ier- 
eolatcd down the column it is eluted with successive 2-ml. lots of 0.8% 
ethanol in benzene until the first traces of pregnanediol can be detected 
in the residue when the eluant from the' Column is evaporated. This gives 
a measure of how many milliliters of* 0.8% ethanol in benzene is re- 
quired to convey the pregnanediol front from the top to the bottom of a 
3-gm. column of the particular batch of deactivated alumina. A second 
column is now prepared as before. This time the column is eluted with 
5 ml. less of 0.8% ethanol than is needed to take the pregnanediol front 
down the column. Thereafter the column is eluted with 2-ml. lots of 3% 
ethanol in benzene. With this stronger eluant, the pregnanediol, already 
carried well down the column by the previous elution with 0.8% ethanol 
in benzene, is rapidly removed from the column. Each 2-ml. fraction of 
stronger .eluant after it has nm down the column, is evaporated and the 
residue tested for pregnanediol with sulfuric acid, until no more preg- 
nanediol is present. In this way it is possible to determine how much 
3% ethanol in benzene is required to remove completely all pregnanediol 
from a column which has previously been eluted with a quantity of 0.8% 
ethanol in benzene which is just insufficient to remove any pregnanediol 
from the column. The same jirinciple is applied to the standardization 
of the alumina against pregnanediol diacetate in the petroleum ether and 
benzene eluant system employed in the assay method. In this instance a 
prior elution with a weak eluant is not necessary and all that is required 



4. PREGNANEDIOL AND PKEGNANETBIOL 157 

is to determine how much benzene is required to remove all the preg- 
nanediol diacetato when it has been put on ilie column dissolved in 26 ml. 
of petroleum ether. 

Duplicate samples, one twentieth of the total 24-hour urine sample, 
are diluted to 150 ml. with water in a 500-ml. round-bottomed flask. 
Toluene (50 ml.) and a glass bead are added and the mixture is heated 
to boiling under a reflux condenser. Concentrated hydrochloric acid (15 
ml.) is then added through the condenser and boiling continued for 10 
minutes. The urine is run off from a separating funnel and re-extracted 
with a further 50 ml. of toluene. The combined toluene extracts are 
shaken with 25 ml. of 25% sodium chloride in 1 N sodium hydroxide 
solution. The aqueous layer is discarded and the toluene shaken for 10 
minutes with 25 ml. of freshly prepared 4% potassium permanganate in 
1 N sodium hydroxide solution. The toluene is washed with distilled 
water until all permanganate color is removed. The toluene is then fil- 
tered and distilled to a volume of approximately 10 ml. 

A chromatography column is meantime prepared by pouring 3 gm. of 
deactivated standardized alumina into a chromatography tube filled with 
benzene. A convenient design for such a tube is one 12 cm. in length, 
with an internal diameter of 1 cm., a porosity 3 sintered glass disk in 
the base and a 50-inl. reservoir scaled onto the top. The volumes of 
eluants depend on the activity of tlic particular batch of alumina. 

The toluene extract is applied to the column which is then eluted with 
25 ml. of 0.8% ethanol in benzene. Thereafter it is eluted with 3% ethanol 
in benzene. This fraction contains all the pregnanediol and is collected 
in a test tube. The solvent i« evaporated under nitrogen and the residue 
dissolved in 2 ml. of benzene. To this is added 2 ml. of acetyl chloride 
and the mixture is left at room temperature for an hour. Petroleum ether 
(25 ml.) is added, the solution is transferred to a separating funnel and 
washed successively with 25 ml. of water, 25 ml. of 8% sodium bicar- 
bonate, and 25 ml. of water. The petroleum ether is then poured onto a 
3-gm. alumina column made up in petroleum ether. This is then eluted 
with approximately 15 ml. of benzene, the exact volume being adjusted 
by standardization of a model column against pure i:)regnancdiol diace- 
tate as for the pregnanediol eluants. 

The benzene fraction off the column is collected in a test tube and 
evaporated. Approximately 10 mg. of sodium sulfite and exactly 10 ml. 
of concentrated sulfuric acid is added to the residue. The tube is stop- 
pered and left in a water bath at 25°C. overnight. The color density is 
read against a sulfite-sulfuric acid blank at 425 m/t. The density is con- 
verted into milligrams of pregnanediol diacetate by reference to a cali- 
bration curve constructed from known amounts of pure pregnanediol 
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diacetate. The true pregnaucdioJ content is calculated by multiplying the 
pregnanediol diacctate value by 0.8, the ratio of the molecular weights. 
The authors claim that in 70 experiments in which the concentration of 
added pregnanediol was 0.5 mg. or higher per 24-hour urine sample the 
mean recoveiy was 94%. The standard deviation of replicate recoveries 
was 11% and the sensitivity of the method such that amounts as low as 
0.5 mg./24-hour urine sample could be measured. 

A Technique Using Paper Chromatography Published by Eberlein 

and Bongiovanni {1958) 

A 10-ml. aliquot of the 24-hour urine sample is incubated for 12 to 
15 hours at 37°C. with 1.0 ml. of acetate buffer (1.0 M, pH 4.5) and 3500 
units of ^-glucuronidase (Ketodase, Warner-Chilcott) . The urine is ex- 
tracted with 10 ml. of benzene which is then washed twice with 10 ml. of 
1 N sodium hydroxide and twice with 10 ml. of water. The benzene is 
evaporated at 45°-50°C., under a stream of air. 

Paper chromatography is done on X 22J in. sheets of AVhatmaii 
No. 2 filter paper. Strips 5.0 cm. long are cut from one narrow end leav- 
ing 5 application lanes each 1.0 cm. wide; the center of each lane is 4.6 
cm. from the next. The urine extract is transferred to the application Jane 
with methylene chloride and allowed to dry. In this way 4 extracts may 
be ai)plicd to the paper. Pure pregnanediol standard (15-25 /xg.) is ap- 
plied to the fifth lane. The paper is Jhen clipped onto a metal holder 
fitted with a trough into which the ends of the application lanes dip. 
To the trough is added 10 ml. of a mixture consisting of equal parts of 
methanol, ethyl acetate, and methylene chloride. In 10-15 minutes the 
solvent front carrying tlie extracts reaches a starting line marked on the 
paper 9 cm. from the end. The remaining solvent is aspirated and the 
paper is dried under a hair diyer. An ascending chromatogram is now 
developed. The tank of the chromatography apparatus is filled with a 
stationary phase consisting of a mixture of 400 ml. of methanol and 100 
ml. of water e(|uilibrated with a mobile phase of 225 ml. of isooctane with 
275 ml. of toluene. The papei’ holder is inserted and the apparatus left to 
equilibrate at room teniiierature overnight. In the morning the mobile 
phase is added to the trough on the paper holder and development at 
room temperature allowed to ])roceed for 6 hours. The paper is then 
removed and dried. Pencil lines arc drawn 4.6, 9.2, 13.8, and 18.4 cm. 
from the left edge. The left lane containing the standard is cut away and 
dipped in 5 ml. of a solution of 4 gm. of phosphomolybdic acid in 100 ml. 
of ethanol. It is blotted and heated at 80'’C. for 5 minutes. The solvent 
front is found to be 34-36 cm. from the starting line and the standard, 
staining blue, to have an Rf value of 0.5. The standard strip is then fitted 
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back against the remaining chromatogram and horizontal lines drawn 
across 1.6 cm. above and below the center of the standard spot. The 
rectangles thus outlined on each chromatogram are cut out and snipped 
into small pieces which are soaked for 3 hours in 5 ml. of methanol. This 
methanol is decanted and the soaking repeated in two lots of 6 ml. of 
fresh methanol for 15 minutes on each occasion. The methanol is evapo- 
rated under a stream of air. A chromatographic column of 3 gm. of silica 
gel made up in 1% ethanol in methylene chloride is washed with 10 ml. 
of this solvent and the eluate from the paper transfen’ed to the column 
with five 2-ml. portions of 1% ethanol in methylene chloride. The column 
is then washed with 20 ml. of 2'^ ethanol in methylene chloride and the 
j)regnanediol eluted with 20 ml. of 7.5% ethanol in methylene chloride. 
The solvent is evaporated and 2 ml. of bisulfite-sulfuric mixture (50-60 
gm. sodium bisulfite in 200 ml. of concentrated sulfuric acid) is added 
to the residue. This is heated in a boiling water bath for 4 minutes, 
allowed to cool for 20 minutes, and then read at 390, 425, and 460 iii/i 
against a sulfite-acid blank. The Allen formula is used to obtain the 
corrected density at 425 m/t, which is tran, slated into micrograms of 
pregnanediol by I’efercnce to the reading of the standard. 

The reliability data published by Kberlein and Bongiovanni (1958) 
suggest that this method is comparable to that published by Klopper 
et al. (1955). The clinical results published for both methods appear to 
be of much the same order. 

B. Method, s i-'or the A.ssay oe T'Kin.ahy I’reonanetrioi. 

1. A Technique Using Chromatography on Alumina Columns Devised 

by Stern (1957) 

This method is based on the pregnanediol determination technique 
of Klopper ct al. (1955). The preparation of the columns, inactivation 
and standardization of the alumina, and the composition of the eluants 
is therefore as described in Section VII, A, 1. 

Duplicate aliquots, one eightieth of the total 24-hour urine sample, 
are made up to 25 ml. with distilled water and 12.5 gm. of ammonium 
sulfate is added. The solution is then extracted 3 times with 12.5 ml. of a 
mixture of 1 part ethanol to 3 i>arts ether. The ethanol-ether extractions 
are pooled and evaporated. To the residue is added 15 ml. of 0.1 N am- 
monium acetate buffer (pH 4.5) and 15,000—30,000 Fishman units of 
)8-glucuronidase. The mixture is incubated at 37°C. for 4 hours. It is 
then extracted 3 times with 10 ml. of benzene. The combined benzene 
extracts are washed 3 times with 8 ml. of 1 Af sodium hydroxide solution 
containing 25% sodium chloride followed by 3 washes with 8 ml. of 
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■water. The benzene extract is evaporated to 6-10 ml. and poured onto a 
3-gm. alumina column made up as for pregnanediol in Section VII, A, 1. 
The column is eluted with 25 ml. of 0.8% ethanol in benzene. The preg- 
nanediol is then eluted with 12 ml. of 3% ethanol in benzene. The preg- 
nanetriol is next eluted with 12 ml. of 10% ethanol in benzene. The 
pregnanediol may now be estimated by putting it through the remainder 
of the procedure of Klopper et al. The solvent fraction containing the 
pregnanetriol is evaporated and the residue dried in a desiccator over 
calcium chloride. Three milliliters of concentrated sulfuric acid is added 
to the dried residue and the solution left overnight at room temperature, 
a standard of approximately 0.02 mg. of pure pregnanetriol being simi- 
larly treated. The densities arc road in a spectroj)hotometer at 400, 43.5, 
and 470 m/t. The corrected density at 435 m/x, is then worked out by the 
Allen formula (1950) and the pregnanetriol equivalent calculated by 
reference to the corrected density of the standard. When pure pregnane- 
triol was added to urine, Stern (1957) obtained recoveries ranging from 
71 to 103% in 12 experiments. The final residue from urine gave results 
very similar to that from the pure steroid when the infrared spectrum 
and the visible light spectrum of a sulfuric acid solution were examined. 
The countercurrent behavior also corresponded to that of pure pregaane- 
triol. 

S. A Technique Using Chroniatograj)hy on Alumina Columns Devised 

by Bongiovanni and Eberlein {1958) 

The principles of this method are the same as those of Stern’s method 
but, unlike the latter, it is not geared to the simultaneous estimation of 
pregnanediol and may, therefore, l)e preferable in ass.ays of pregnanetriol 
only. 

A 10-ml. sample of the 24-hour urine sample is incubated with 1 ml. 
of 1 Af acetate buffer and 5000 units of glucuronidase at 37°C. for 24 
hours. The urine is then extracted 3 times with 10 ml. of dichloromethanc. 
The pooled extracts arc washed twice wdth 10 ml. of 0.1 M sodium hy- 
droxide and twice with 10 ml. of water. The solvent is evaporated and 
the residue transferred to an alumina column with two lots of benzene, 
10 ml., followed by a 20-ml. rinse. The column is made up in benzene and 
has 7 cm. of alumina in a glass tube 4-6 ram. in diameter. The column 
is then eluted with 40 ml. of 2% ethanol in benzene and the pregnane- 
triol brought down with 30 ml. of 6% ethyl alcohol in benzene. The sol- 
vent is evaporated and the color developed with 10 ml. of concentrated 
sulfuric acid at room temperature for 30 to 120 minutes. The densities 
are read at 410, 440, and 470 m/A together with the density of a standard 
of 10 to 40 (tg. of pregnanetriol. The pregnanetriol content of the residue 
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is tiien calculated with reference to the standard, the Allen correction 
formula being employed. 

These W'orkers tried the effect of a preliminary elimination of ketonic 
compounds by Girard separation but did not find that the introduction 
of this step materially altered the results. They also tried methods other 
than the sulfuric acid color reaction for reading the final residue. They 
used chromic acid oxidation and estimation as 17-oxosteroids, periodalc 
oxidation with estimation of the acetaldehyde liberated (Cox, 1962) , the 
development of a modified Kober color, or fluorescence. None of these 
were found to be a significant improvement on the sulfuric acid reaction. 
It is difficult to deduce the true sensitivity of this method but from the 
data published by the authors it is unlikely that it can measure quan- 
tities below 0.5 mg./24-hour urine sample. At somewhat higher levels the 
recoveries ranged from 86-92%. The average difference between dupli- 
cates w^as 1.3%. Specificity studies of residues by paper chromatography 
and infrared analysis were satisfactory. 

The best features of the methods of Stem and of Bongiovanni and 
Eberlein liave recently been combined by Fotherby (1960) and it is 
likely that this method will be very useful when details become available. 

VIII. The Clinical Applications of the Assay of 
Pregnanediol and Pregnanrtriol 

A. Ovarian Studies 

1. Studies on Pregnanediol Excretion in the Normal Menstrual Cycle 

Since 1936 every year has produced new studies on tins subject. The 
pattern of excretion and its relationship to various physiological events 
in the cycle is clearly established. The earlier studies were done by 
methods too insensitive to detect the “adrenal” pregnanediol in the pro- 
liferative phase and too inaccurate and unspecific to give reliable figures 
at any stage. Later studies have brought out the finer details, showing 
that there is slight residual activity in the corpus luteum of the previous 
cycle for the first few days after the onset of bleeding and that excretion 
then levels off at roughly 1 mg. per day. There is a slight preovulatory 
rise; the levels attained in the luteal phase may reflect the growth of the 
corpus luteum and the onset of bleeding is preceded by a sharp fall in 
pregnanediol output. Figures 4, 5, and 6 show three basic patterns of preg- 
uanediol output from a study by Klopper (1957). Figure 4 shows the 
pattern of excretion shown by a sexually mature adult nulliparous 
woman. The luteal phase is clearly defined reaching a maximum excre- 
tion of 3 to 5 mg. pregnanediol per 24 hours. Figure 5 shows the juvenile 
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MORNING TEMPERATURE 



Fig. 4. Urinary excretion of pregnanodiol in the menstrual cycjle. Sexually mature 
nulliparous pattern. Basal temperature readings are also shown. M.P. = menstrual 
period. From Kloppor (1957). 
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Fio. 6. Urinary excretion of pregnunediol in ihe niciistrual cycle. Adult parous 
pattern. Basal toniperature readings arc also sliown. M.P. — mcn.strual period. From 
Klopper (1957). 


pattern found in a young woman of 15 years. PIcre the luteal phase can 
barely be distinguished, rising to a maximum of 2 to 3 mg./24 hours. 
Figure 6 shows the florid development of the corpus luteum in an adult 
parous woman, pregnanediol excretion rising to above 6 mg. in the luteal 
maximum. 

Fertility Studies 

Assays of urinary pregnanediol may be of help in determining the 
cause of infertility. They are a convenient way of deciding whether a 
corpus luteum is present and how actively it is functioning. If the three 
basic patterns described by Klopper are real entities, the poorly developed 
luteal phase of the juvenile type may account for infertility and may be 
amenable to treatment by progestogens. 

.■?. Abnormalities of Menstruation 

In conditions such as anovular bleeding, secondary amenorrhea, per- 
sistent corpus luteum, or irregular shedding of the endometrium, assays 
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of tirmary pregnanediol may be of value in establishing the diagnosis or 
assessing the results of treatment. In the rarer masculinizing syndromes 
such as adrenal hyperplasia, idiopathic or hereditary hypertrichosis, 
arrhenoblastoma, or Stein-Leventhal syndrome assays of urinary preg- 
nanediol and pregnanetriol are important. In adrenal hyperplasia a raised 
pregnanetriol output is almost invariably present. It has been shown 
that the Stein-Leventhal syndrome is not associated with a raised preg- 
nanediol output. Reliable pregnanetriol assays may prove of great value 
in establishing the identity of the ovarian androgep in this disease. 

B. Placental Studies 


1. Abortion 

A great many studies have been published concerning pregnanediol 
output in recurrent and threatened abortion. Modern assay methods have 
confirmed the value of urinary pregnanediol levels in prognosis. Not all 
abortions, however, are of endocrine origin. Few of those due to the con- 
siderable variety of other causes show a fall in pregnanediol output suffi- 
ciently early to be of any value. In evaluating the re.sults of any endo- 
crine therapy of abortion pregnanediol assays are probably thc^inost 
valuable single criterion. 

2. Placental Function in Late Pregnahey 

Several studies have been published using pregnanediol output as an 
index of placental function in conditions such as postmaturity and tox- 
emia. In this respect the work of Shearman (1959) has been most useful. 
It is apparent that when the mean outputs of groups of patients are con- 
sidered, valuable generalizations about the results of disease may be 
made, but the natural variation from day to day in normal output and 
the variation from person to person is too large for secure judgment in 
the single individual. In this field, too, more than elsewhere, it is evident 
that a single 24-hour value is inadequat e and judgments have to be based 
on a series of assays. 


C. Adhenal Studies 

Klopper et al. (1957) suggested the use of pregnanediol assays as a 
measure of adrenal function. This idea has not been widely used probably 
because urinary pregnanediol output reflects the available steroid build- 
ing material in the adrenal rather than the levels of a specific hormone 
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with defined functions. Pregnanediol assays may be of more specific value 
in the study of such conditions as hirsuties of adrenal origin. In the 
field of adrenal function, generally pregnanetriol assays are more useful 
and likely to be of increasing importance in the future when the quanti- 
tative relationship of pregnanetriol to its precursors is defined and the 
role of these precursors in adrenal physiology is better understood. 


IX. Future Developments in the Assay of 
Pregnanediol and Pregnanetriol 

As a research tool the more obvious uses of pregnanediol assay have 
been fully exploited in the last twenty years. The same does not apply 
to pregnanetriol where urinary assays may break new ground. The scope 
of both assays in clinical routine has been defined. At least in the case 
of pregnanediol the assay is probably sufiicicntly useful in clinical prac- 
tice to justify its establishment in any sizable center. 

It has not been clearly realized that these urinary steroid assays have 
certain grave disadvantages in practice. They may in fact give a decep- 
tive picture of the production of the original active hormone. To begin 
with the gut is a possible unmeasured source of steroid loss. A rise or 
fall in urinary steroid output may reflect corresponding changes in fecal 
loss rather than changes in the production of the original hormone. Fecal 
excretion is unlikely, however, to be a major factor contributing to the 
day-to-day variation in pregnanediol output. It has already been noted 
that the percentage conversion of injected progesterone to urinary preg- 
nanediol excreted falls in a narrow range. It is also unlikely that the 
comparatively subtle patterns of pregnanediol excretion in such condi- 
tions as the normal menstrual cycle or in operative stress would repeat 
themselves so consistently if the excretion levels were liable to be much 
influenced by aberrant gut loss of pregnanediol. Secondly the urinary 
metabolite measured is only one of a large number of end products of 
the active hormone. A rise or fall in the output of a particular metabolite 
may mean only that less or more of other metabolites were excreted. 
Other processes also inter\'ene between the production of the active 
hormone and the excretion of its inert metabolite, notably the role of 
the liver in conjugation or of the kidney in excretion. There is no evi- 
dence that these have any profound effect in producing variations of 
metabolite excretion. The causes of physiological variation of steroid 
excretion which have been mentioned make it necessary to view with 
reserve the use of assays in the control of the day-to-day therapy of the 
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individual case and with suspicion any deductions based on single ob- 
servations. It is in the retrospective survey of serial determinations that 
such steroid assays are of most use in diagnosis and treatment. 

In purely methodological terms there would seem to be little need to 
seek for further refinements making the present assay techniques more 
accurate, at least as far as pregnanediol is concerned. Particularly as 
applied to pregnancy urines the accuracy of the laboratory processes has 
outstripped the accuracy of the physiological control of the subject. Much 
of the future development in this field depends on a clearer understand- 
ing and more rigid standardization of such faetbrs as nutritional state, 
fluid balance, and body build. The most promising research line consists 
of serial observations on subjects in research units where physiological 
variables can be standardized as far as j)ossible. 

It is also likely that in the future more emphasis will be placed on 
hormone measurements in blood (sec Cha[)ter 3). There are, however, 
cogent reasons for believing that in some respects blood assays may 
prove inferior to urinary determinations. The i)rimary hormone, proges- 
terone, has such a short life in the circulation that measurements of it 
in peripheral blood have very little value. Determinations of biologically 
stable metabolites like pregnanediol in blood are the equivalent of^i single 
snapshot of a complicated moving process. They represent only the con- 
centration at the moment the blood was withdrawn while urine deter- 
minations are at least a summation of the events of 24 hours. Blood 
volumes vary considerably from subject to subject, particularly in preg- 
nancy and may change rapidly from time to time in the same person. 
Any simple concentration figure may therefore have more relevance to 
the circulatory volume than to the hormone production of the placenta 
or the ovaries. 

There is a limited scope for the development of more sensitive 
methods. Existing methods are adequate for present clinical purposes. 
Research interests are centering more on the mode and site of action of 
hormones and on special studies such as the excretion of minute amounts 
of steroid hormone metabolites after extensive endocrine ablative surgery 
for the treatment of recurrent breast cancesr. For such purposes more sensi- 
tive methods for hormone measurements in blood, tissues, and urine will 
need to be evolved. 

The future development of urinary assays in this field lies not so 
much in improvement of methods in the laboratory as it does in using 
present methods more rationally. The range of values for normal and 
pathological states needs to be more clearly defined. The physiological 
state of the subject on whom observations are made needs to be more 
categorized, more rigidly controlled, and consciously manipulated. Evi- 
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dently the overlap between the values found in normal and diseased 
states is such that snap judgments on individual cases are unwise and 
the best we can hope for are useful generalizations about the trend in 
any particular condition. 
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1. Introdiiclion 

Certain changes in the metabolism of adrenal steroids may lead to a 
variety of pathological conditions. These changes may be due to several 

♦This article is dedicated to Professor Bernhard Zondek whose long-standing 
friendship and guidance has been a gieat stimulus in carrying out this study. 
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factors either intrinsic or extrinsic to the adrenal cortex. Whatever the 
immediate cause of the abnormality may be, it is customary to refer to it 
in terms of hypo- or hyperactivity of the adrenal cortex. However, these 
clinical hypo- or hyper-Btatca cannot always be detected by laboratory 
analytical methods or by histological examinations. Numerous cases of 
Cushing's syndrome have been described without histological abnormality 
of the adrenals and without a substantial increase in the excretion of the 
adrenal steroids (Soffer et al., 1955). Similarly, in many cases of pro- 
nounced virilization normal excretion of 17-ketost.eroids has been noted. 
Evidently in such cases, the routine methods of "analysis measuring a 
group of compounds are not sufficiently specific to distinguish the causa- 
tive factor. On the other hand methods which estimate the individual 
steroids have a better chance to pinpoint either the active compound 
directly responsible for the pathological condition, or an inactive metabo- 
lite which may reflect the events loading to the abnonnality. Aldosterone, 
testosterone, and cortisol, all being active hormones, may serve as exam- 
ples of the first alternative. On the other band estimating pregnanediol, 
pregnanetriol, tetrahydrocortisol, etc., may indicate the fate of their re- 
spective precursors. 

This chapter will be ilevotcd to the discussion of 5;3-prcgnanc- 
3a,17a,20a-triol-ll-one (prcgnanetriolone), an inactive urinary metabo- 
lite, belonging to the second class. The occurrence of prcgnanetriolone, 
the significance of its estimation as im aid in differential diagnosis, the 
methods of estimation, and the metabolic jiathways leading to the excre- 
tion of prcgnanetriolone and related steroids will be reviewed. 


II. Historical 

In the early 1950’s Zondek and Finkclstein (1952) showed that in 
cases of female pseudohermaphroditism due to congenital adrenal hyper- 
plasia a urinary neutral substance is excreted, which becomes fluorescent 
on reacting with hot phosphoric acid. This material was subsequently 
isolated by Finkclstein et al. (1953) from the urine of two patients with 
congenital adrenal hyperplasia and identified as prcgnanetriolone. Fuku- 
shima and Gallagher (1957) confirmed the finding by isolating this com- 
pound in other cases of congenital adrenal hyperplasia. In addition, the 
latter authors isolated a clo.scly related steroid, 5j3-pregnanc-3a,ll/3,17a, 
20«-tetrol (pregnanetetrol) , from the urine of the same patients. Since 
then the compound has become of considerable interest, because of the 
unique quality of being excreted in measurable quantities only in the 
urine of patients with a certain form of adrenal dysfunction. Several 
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tenus have been used for pregnanetriolone, such as 11-keto-pregnane- 
3«,17a,20a-triol and trihydroxy-3a,17a,20a-pregnane-ll-one. Fieser and 
Ficser (1959) used the name 5)8-pregnane-3a,17o,20a-triol-ll-one, and 
the ])resent author prefers this term, especially since it is easily abbre- 
viated as “j)regnanetriolone.” 


III. Methods for the Assay of Preguanetriolone 
and Related Steroids in Urine 

A. Geneiue Considebations 

llie validity of an analytical method for the determinatiou of a 
single compound in a mixture, in which the compound constitutes a 
small fraction, depends on whether the compound can be separated and 
estimated in such a way that it will not be influenced by the other con- 
stituents of the mixture. This is extremely important in the case of uri- 
nary steroids in general since they usually are excreted in a concentration 
which is very low in relation to the interfering substances. Moreover, 
many of the urinaiy steroids have similar properties and with insufficient 
care one can be easily mistaken for another. In princiiflc the separation 
may be achieved by physicochemical means such as chromatography or 
by the use of a precise detection method, which is specific for a single 
compound. The last alternative does not seem practical unless sufficient 
purification has been achieved to eliminate most of the interfering sub- 
stances. Thus a combination .;f an effective sci)aration procedure with 
a precise and sensitive method for the final determination offers, at the 
present time, the best solution for the estimation of certain urinary 
steroids. The accuracy of such determ’nations may bo of diagnostic im- 
portance, especially in diseases where abnormal excretion of one or more 
steroids is characteristic. The case of pregnanetriolone may be a “classic” 
example. 

The first indication of the presence of pregnanetriolone in urine was 
obtained in two cases of female pseudohermaphroditism due to adrenal 
hyperplasia, following the observation that the neutral fraction produces 
an intense fluorescence when heated with 85% phosphoric acid. Guided 
by this reaction the fluorogenic compound was isolated and identified as 
pregnanetriolone (Finkelstcin et al., 1963) . However, urine from normal 
individuals also contains neutral compounds which produce fluorescence 
with phosphoric acid, though considerably less than in the urinary ex- 
tracts of cases of adrenal hyperplasia. On the other hand in urine from 
late pregnancy cases and especially from some cases of adrenal cancer 
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the concentration of the fluorogenic material was comparable to that 
associated with adrenal hyperplasia patients (Zondek and Finkelstein, 
1952; Finkelstein, 1953). In all these cases, other than adrenal hyper- 
plasia, isolation of pregnanctriolone was not achieved (Goldberg, 1957; 
Finkelstein, 1959). This apparent discrepancy was explained only after 
a specific method for the estimation of pregnanctriolone wa.s developed 
(see Analytical Procedure, Section ITT, B) . Analysis of urines with this 
new method has shown that the excretion of pregnanctriolone is essen- 
tially confined to cases of adrenal hyperplasia, and that the fluorescence 
obtained on the crude neutral fraction from urine of .other patients was 
due to compounds other than pregnanctriolone. This selective excretion 
of a single compound could serve as a diagnostic test in the differentia- 
tion between adrenal hyperplasia and other conditions leading to similar 
clinical symptoms, provided that supporting evidence could be obtained 
for a sufficiently large number of cases in each group. Accordingly, after 
the development of suitable methofls, a systc'matic search for ])regnane- 
triolone was undertaken in urine of normal subjects, and also in such 
conditions where its presence was suspected by clinical diagnosis or by 
the intensity of fluorescence of the cnide extracts. 

B. A.naiatical Pkockdcuk 

Two methods have, been developed for the (juantitative estimation 
of pregnanctriolone and related steroids. -Tn both of them the compounds 
to be analyzed are first isolated in a high degree of purity and then sub- 
mitted to two different procedures. 

In method I pregnanctriolone is estimated fluorometrically (Finkcl- 
stein, 1959). The sensitivity is about 50 ^g./24-bour urine sample. In 
addition, pregnane-3rt,l7a,20/3-triol-ll-ono, pregnanetriol, and prognane- 
3rt,17a,20j8-triol may be estimated. In method la only pregnanctriolone 
(20«-) and its 20/8-epimer may be estimated. The sensitivity is increased 
to about 2 /<.g./24-hour urine sample. 

In method II (Cox, 1969) , the procedure consists of oxidizing preg- 
nanetriolone with periodic acid and estimating the formed acetaldehyde. 
In principle, all C 21 dcoxysteroids hydroxylated at both C-17 and C-20 
positions may be estimated by this method. Methods I and II were found 
to be equally sensitive. Comparative results obtained by both methods 
agreed well with each other and the choice between them should be made 
on the basis of the available setup. Method I was essential for the isolation 
of pregnanctriolone from urine of patients with congenital adrenal hyper- 
plasia and metliod II for the isolation of pregnanetriol from normal 
human urine (Finkelstein et al., 1953; Cox and Marrian, 1953). 
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IV. Preparation of the Urinary Extracts (Methods I and II) 
According to Cox and Finkelstein (1957) 

A. CCHiLECTION OF UrIKE AND HYDROLYSIS 

A 24-hour urine sample collected over 2 ml. of chloroform is obtained 
and kept refrigerated until assayed. The volume is measured. One fifth 
of the urine is withdrawn and the pH is adjusted to 4.6 with glacial 
acetic acid, and 2 ml. of 2 Af acetate buffer at pH 4.6. The sample is 
warmed in an incubator at 37'’C. for 1 hour and 50 units of )8-glucuroni- 
dase per millilitci' of urine are added (Ketodase or a preparation ob- 
tained from the mollusc Cellnna tramoserica has been used) . The samples 
are allowed to stand at 37°0 for 48 hours. 

B. Extiwotion 

After hydrolysis, the urine is cooled to room tem])c'iature and ex- 
tracted twice with equal volumes of freshly distilled chloroform. The 
pooled chloroform extract is washed with 0.1 volume of N sodium hy- 
droxide and the alkali is drained off as thoroughly as possible. The chlo- 
roform is then washed suoce.ssively with 20 ml. saturated sodium bicar- 
bonate and twice with 20 ml. distilled water. The washed chloroform 
solution is dried over anhydrous sodium sulfate and filtered into a round- 
bottomed fla.sk for evaporation in t>acuo. Tlie residue is dissolved with 
.slight waiming in about 5 ml. methanol. The solution is equally divided 
into four portions each of which is cf|uivalent to 0.05 of the original 
24-hour urine sample. The contents of the tubes are evaporated to dry- 
ness under nitrogen and are ready for chromatography to separate the 
individual coinpound.s. 

(’. Pa1»KH CuROMATOOU.\I*HV (i\lETHOD.S I AND IT) 

Whatman No. 1 paper “for chromatography” is used. In method I 
the paper is purified by percolating benzene through it in a chromatog- 
raphy tank for 24 hours. In method II the paper may be used without 
purification. For each urine sample a chromatogram strip is cut with six 
tongues 1.0 cm. wide, 50 cm. long, and separated by 0.5 cm. from one 
another. The separation of the steroids is done on two consecutive chro- 
matograms. For the first chromatogram the benzene-fonnamide system 
is used, and for the second either chloroform-formamide or ethylene 
dichloridc-formaraide (Zaffaroni and Burton, 1951). In both systems the 
paper is impregnated with methanol; formamide (1:1). The chromatog- 
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raphy is carried out at 27“ ± 1. In the first chromatogram the urinary 
extracts are applied to the four middle strips, and the appropriate stand- 
ards are applied to two strips on each end of the chromatogram, and to 
one of the middle strips carrying the extract. After an overnight run 
(about 12-13 hours) the chromatogram is dried in an oven (temperature 
80“-90®) . Strips carrying the standards, the standards plus extract, and 
one of the extracts alone, are cut off and developed for the detection of 
the specific compound. 

The detection is done by dipping each strip in a solution of 70% 
phosphoric acid. The excess of the acid is removed by blotting the strip 
thoroughly between filter paper. The strips are put immediately on a 
preheated enamel tray in an oven (initial temperature 85“-87°) for 10 
minutes. Care should be taken that the temperature remains constant 
so no charring of the paper occurs. The tray is taken out and quickly 
cooled on ice cubes. Without delay, the strips are examined on the tray 
under an intense ultraviolet (UV) lamp with a filter passing light mainly 
of 365 m/i. The standard compounds separate in the following order from 
the origin: cortisol; jiregnanctetrol; pregnanetriolone; 3a,17a,20j8-triliy- 
droxy-5)8-prcgnan-l 1 -one ; pregn-5-enc-3/3,l 7a,20a(-triol ; prognanetriol ; 
5a-pregnane-3a,17a,20a-triol; and 5^-pregnanc-3a,17a,20/8-triol. The fluo- 
rescent colors of the compounds in the UV and their colors in daylight 
are described in Table T. The fluorescence is usually more inb'nsc than 

TABLE T 

FLTJORK,SCENf'E AND CoLOR OF STEROIDS IN THE 7()^f. PliOSPHORK' A(TD llEACTloN 


Steroid 

Color in 
daylight 

Fluorescent'o 
ill UV 

Sensitivity 

(Mg/cin*) 

and authors* 

Cortisol 

Yellow 

Brilliant 

yellow 

(M.F.) 

6i3-rregnane-lirr, J IjS, I7cv,20a-tetrol 

Purple 

Pink 

1-2 (R.I.C.); 
0.3-0.6 (M.F.) 

3«, 1 7a,20<»-Tri}iydroxy-6/3-progi»aii- 
11-ouc 

None 

Blue-violet 

().3-0.G (R.I.C.): 
0.7-1 .5 (M.F.) 

3oc,17a,20/S-Trihydroxy-5/S-prcgiian- 

11-one 

None 

Blue-violet 

0.7-1. 5 (M.F.) 

5iS-Pregn-6-ene-3ftl7a,20tt-triol 

Purple 

Yellow 

2-4 (R.I.e.) 

5/5-Pregnano-3a, 17a,20a-triol 

Purple 

Pink 

1-2 (R.I.C.); 

7-15 (M.F.) 

5afPregnane-3a, 17a, 20a-triol 

Purple 

Pink-brown 

1-2 (R.I.C.) 

5i8-Pregnaiie-3a,17a,20/5-tTiol 

Purple 

Violet-pink 

1-2 (R.I.C.) 


' IIJ.C.— -R. I. Cox (1969); M.F.— Present author. 
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tlu; color in daylight. The paper strips with the urinary extract and with 
the extract and added standards are coiuj>ared with the strips carrj'ing 
tlie jture standard steroids. Tlic purj)ose of the strip with the standards 
added to tlie extract is to check wliether urinaty contamination interferes 
with th<> deveiopment of lliiori-scence or color by the respective steroids. 
If no interference is seen a s(‘ini(|uantitative estimation can be made at 
this stage by comparing the fluorescence of the various n'gions of the 
chromatogram of the unknown sample with the strips on which the ciys- 
talline steroids were cliromatographial. 

'rhe two strips with the extract, which have not been dipped in phos- 
phoric acid, are cut according to the position of the steroids found in tlx' 
develoi>ed strips with the standards and the extract. An extra margin of 
O.o to 1 cm. is allowed at each edge of the spot. Kach piece of i)a})er is 
cut into small ])ieces and exlracte<l .separately by soaking in a few milli- 
liters of methanol. Tlie methanol is decanted into a tube and the imjier 
is washed twici' with additional portions of methanol. .\11 the washings 
are combined in th(‘ tube and cvaporatc'd to dryness under a stream of 
nitrogen. For chromatography the residue is dissolvi'd in a few drojis of 
methanol with a little warming, while rotating the tube. The second 
chromatogram is carried out in the chloroform (or ethylene dichloridel 
formamide .system. The separation of pri'gnanetriol and iiregnanetrio- 
lone is shown in Fig. 1. I'iluati's of each region corresponding to the ajipro- 
priate standard are chomatographeil individually on a strip, on each side 
of which a strip with the standard is run. This is done in duidicate. One 
strip is used for tlie detection of the comiioiind by the phosphoric acici 
method de.scribed sdiove, and the second one serves for the (|Uantitative 
estimation. Thi' average time for the solvent front to reach the bottom 
of the chroniatograni is about 3 liours. In most cases these two chromato- 
grams suffice to obtain spots indistinguishable from the standard solu- 
tions. If contamination is present it i^ recommended to rechromatograph 
tlu' eluates in the first .system (e.g., benzene-formaniidei and jirolong the 
time of chromatograiih)*. 

For the ciuantitative estimation with method 1 (set* behiw) the re- 
gions of the clironiutograms corresponding to the standards are eluted in 
the sjime fa.shion as described above. They are collected in small tubes, 
evaiiorated to dryne.ss, and then are ready for (luantitative estimation. 
For method II the regions are just cut out and the estimation is done 
directly on them. 

These descrijitions of chromatogrtiphic procedures .should serve only 
as an examjile, since in many other systems an equally efficient separa- 
tion may be obtained. Care should be taken however to uxe .systems 
which utilizi* propylene glycol for impregnation if method II is being 
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0!*'igin 



P-triolone 


P -> t r i o I 



Fui. I. of pi(‘i^iian(‘liiolunc UMriiiloiK') and j)rc?:nari('liK)l (I'-inoh 

hy pajuM’ I'lirornaloKiaphy in tli(i sysinn chloroform-forniainidr d’lu- ‘^iiip on ihc 
li'ft. sidn. wlien* jiii'jznanrlriolotio is visihlr Avas plan uj:rapli(Ml in \ \ with 

a \Vral1tMi-2H tillfM' in lioni of llio ('aniot'a. On lla* li^ilil side, wluro proiinanol riol 
is visible, the same strip Js pliotoj?raplie<l in dayh^hl 

used for quaiititativu c.stiiiiatioii, bfcau.M* {ilycoJ yields acctaldeJiydc on 
oxidation with jicriodic acid. 


V. Mctliutl la (Finkelalein, 1959) 

of extracting and purification of tlie extract is used 
I ^ sensitivity is required, (>.g., wliore it is especially iuipor- 

im to estimate pregimnetriolonc in concentrations below 50 (ag./24-liour 
urine sampJe. It is essentially simUar to method I, but the entire 24 -hour 
colleeliort is used for hydrolysis : and extraction. The concentration of 
enzyme for hydrolysis is propoiiionally incroased as is. Also the vol- 
wi'i-ii 1 extraction. After washing the chloroform ex- 
1 ^ sodium hydroxide, sodium bicarbonate, and water (the 
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volume should be adjusted to the proportions described for methods I 
and II) , the solvent is evaporated in vacuo. The dry extract is redissolved 
in a minimal amount of ethanol and then diluted with 50 ml. benzene 
and 60 ml. petroleum ether. This solution is extracted twice with equal 
volumes of water and then re-extracted from water into ether. The ether 
is evaporated in vacuo and the residue dissolved in 20 ml. methanol which 
is then diluted with water to 50%. The 50% methanol solution is washed 
once with an equal volume of carbon tetrachloride, and the layers are 
carefully separated by centrifugation. The clear methanolic phase is 
drained off and evaporated in vacuo. The residue is dissolved in a mini- 
mal quantity of absolute methanol and applied to paper for chromatog- 
raphy, which is i)erformed in a similar way as described above, but strips 
2 cm. wide are used. In this modification pregnanetriol disappears almost 
completely, and therefore the method is only valid for estimating preg- 
nanetriolone and its 20/8-epimer. The limit of sensitivity is about 2 /*g./ 
24-hour urine sample. In experiments where 2 fig. were added to a 24-hour 
normal urine sample (not containing prcgnanetriolone) 80% was recov- 
ei’cd. 


VI. Methods 1 and la: Quantitative Estimation by Fluorometry 
(Zondek and Finkelstein 1952; Finkelsttdn and Goldberg, 1957) 

The following steroids have been quantitatively estimated; cortisol; 
prcgnanetriolone; 3a,17«,20)8-trihydroxy-5/8-pregnan-ll-one, and preg- 
nanetriol. The fluorometric procedure is similar to the one developed for 
estimating urinary estrogens (Finkelstein, 1952). 

A. Equipment 

(o) Lighttight hot water bath with tube rack equipped with arms 
ioT mteranttjeiA manual sVvakmg,, (b) Reaction tubes for developing 
fluorescence: Pyrex tubes (5-ml. capacity) fitted with male ground joints 
and female glass stoppers, (c) Fluorometer: Farrand, model A provided 
with interference and glass filters, (d) PL^v'ihoric acid: “Baker Ana- 
lyzed*' 86% (J. T. Baker Company, Phillipsburg, New Jersey). 

B. Pbocbdubb 

The dry residues of the eluates of the zones corre^nding eitiiep to 
cortisol, pregnanetnolone (or 20j5-stereoi8omer) , or pregnanetriql, 
dissolved in accurately measured doubfe-distiHed 96% ethanol. Aliquot 
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of these solutions containing approximately 0.1-0.5 /»g. of any of the 
above compounds are transferred to reaction tubes (see Equipment) and 
evaporated to dryness in an oven at 100®. The approximation of the 
concentration can be made by comparing the fluorescent colors of the 
unknowns with the standards directly on the chromatograms (see above: 
chromatography). After cooling, 1.25 ml. phosphoric acid are added to 



Fuj. 2. Fluorc.sconrc cuvvf-i of corliesol, P-triolone (pregnanetriolone and 3a, 17a, 
20/9-trihy<iroxy-5j3-pi'cgn!in-ll-out'>, and P-triol (pregnimetriol). The fluorescence was 
obtained by heating tlic rr'spcctive steroids with 869r plio.sphoric acid. The record- 
ing wa-s made with a Farrand fluorometor. 

each tube and the tubes arc closed tightly with stojtpers lubricated with 
Dow Coming “silicone lubricant.” The tubes are placed in the rack of 
the water bath which is then immersed in the liglittight boiling water for 
16 minutes. The rack is rotated for about 30 seconds at 2, 5, 10, and 14 
minutes after starting the reaction. The tubes are rapidly cooled in an 
ice bath and the contents transferred to cuvettes for fluorometry. With 
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each set of samples to be estimated an appropriate standard steroid and 
a “reagent blank” are run. Usually the standard is prepared at three 
different concentrations ranging between 0.1 to 0.5 ftg., and by direct 
comparison the concentrations of the unknown arc calculated. The read- 
ings are made in a Farrand fluorometer using a combination of glass 
filters with maximum transmission at 425 m/j. in the primary position, 
and a Farrand interference filter transmitting at 535 ni/i in the secondary 
position. The intensities of the fluorescence of cortisol, pregnanetriolone, 
and pregnanetriol differ from each other, but in all cases are proportional 
over a wide range to the respective concentrations. Both 20a- and 20/3- 
pregnanetriolones show similar fluorescence (Fig. 2). 


VII. Method 11: Quantitative Estimation through the 
Determination of Acetaldehyde (“Acetaldehydogenic” Steroids) 

(Cox, 1959) 

Tins method is specific for glycols having the structure CJI;< • CHOH • 
(MOIDR'H", and among known steroids, for C 21 deoxy compounds pos- 
sessing hydroxy groups at C-17 and (’-20. Thus all steroids listed in 
Table T may be e.stiniated. 


Pkoceih’kh 

Sections of the second chromatogram (sec S(*ction IV, (’) ctmtaining 
the acotaldehydogenic steroids are rut out and transferred into oxidation 
tubes. Equal volumes of 0.12 M i)eriodic acid in 0.4 A' sulfuric acid 
and 1% glycine in 0.4 N sulfuric acid are freshly mixed and 1 ml. of 
the mixture i)ii)etted into each oxidation tube. Tlu! aeration head of 
the tube is connected imm(!diately iind a trap tube (10-ml. conical 
centrifuge tube) containing 0.5 ml. 1% sodium bisulfite solution is 
placed in position to collect the formed acetaldehyde. A slow stream of 
purified air is passed through the oxidation tube. After 1 hour the 
aeration is discontinued and 3.5 ml. of concentrated sulfuric acid are 
added to the bisulfite trap solution. After mixing, the solution is cooled 
in an ice water bath and then 0.02 ml. of 4% copper sulfate solution 
and 0.02 ml. of 1.5% 4-hydroxydiphpnyl solution in 0.1 AT NaOH are 
added. The solution is stirred with a glass rod and ke{)t in the ice bath 
for 1 hour, with repeated stirring after 30 minutes. Excess 4-hydroxy- 
diphenyl is destroyed by heating the tube in a boiling water bath for 
1.5 minutes. The optical density of the solution at 565 m/i is determined 
and compared to a calibration curve x»f a pregnanetriol standard. Several 
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precautions must be taken in this color reaction to exclude interference 
(Cox, 1962) . As Jittle as 2 jug. of any of the above-mentioned steroids may 
be quantitatively estimated. Results obtained with this method compare 
well with the fluorometrical estimation. 


VIII. Other Methods 

Pregnanetriolone may be indirectly estimated by a determination 
of 17-ketosteroids formed after oxidative removal of the side chain. 
Methods using chromic acid (Bongiovanni et al., 1959) or a bismuthatc 
oxidation (Bergstrand et al., 1959) have been described. Because of 
their limited sensitivity and low specificity the use of these methods 
is not recommended for analyses of urines containing microgram quanti- 
ties of pregnanetriolone per 24-hour sample. 


IX. Occurrence of Pregnanetriolone 

Estimation of pregnanetriolone was performed on urine of the follow- 
ing cases: (n) normal males and females; (b) pregnancies in the thii^ 
trimester; (c) hirsutism, otherwise without virilization; (d) hcrm.aph- 
roditism, male pseudohermaphroditism, and female pseudohermaphro- 
ditism of constiUitional type; (e) adrenal adenoma and adrenal carci- 
noma; (/) virilizing syndrome due to congenital adrenal hyperplasia; 
(g) Cushing’s syndrome with and without adrenal hyperplasia; (h) 
virilizing syndrome due to clinically unexplained reasons; (i) Stcin- 
Leventhal syndrome. 


X. Cases Where Pregnanetriolone W'as Not Found (Table II) 

A. Normal Persons 

Out of several hundred analyses performed on the urine of normal 
persons not a single case was found containing pregnanetriolone (Finkel- 
stein and Goldberg, 1957; Cox and Finkelstein, 1957; Birke et al., 1958; 
Finkelstein, 1959; Cox, 1960, and personal communication). In most 
of them, methods I and II were employed which have a sensitivity of 
50 ftg. pregnanetriolone in a 24-hour urine sample. In several instanco.s, 
method la was used by which 2 j«.g./24-hour urine sample could be 
estimated. Even then no pregnanetriolone was detected. 
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B. Stimt'lai'ton with ACTH 

Seven normal persons received inlruniusculnr injections of 100 rag. 
ACTH-gel daily for 3 days. None of the treated subjects excreted 
pregnanetriolone before, during, or after medication. The adrenal resi)onse 
was followed up by the parallel estimation of 17-ketosteroids and preg- 
uanetriol and in most cases there was a considerable increase. I’rcg- 
nanetriolone has also been investigated in the urine of patients with 
l)emphigus TUilgaris receiving up to 150 mg. ACTII daily for 6 days as 
therapy. In no inshmee was pregnanetriolone detected, although in 
.some of the estimations the scn.sitivity of the method was 2 F‘g./24 hours. 

Besults obtained on the urine of subjects who had been stimulated 
with ACTH sugg('.st that normally the <ixcrction of pregnanetriolone 
must be below 1 fig. in a 24-hour urine sample although stimulation 
^\■ith ACTH produced 17-ketost(‘roi(l and pregnanetriol increases of two- 
to threefold. On assuming (Jiat the excretion of pregnanetriolone is 
innuenced in a similar way, 0.7 fig. in 24 hours would increase to about 
2 fig. Such a r|uantily should be detected by the method employed, but 
was never found. Proof that, in certaiji pathological cases, ACTH 
stimulates the excretion of pregnanetriolone will be given below (see 
Section XI, A-D). 


C. Phecnanct 

Urine from 200 pregnant women in the third trimester did not con- 
tain detectable pregnanetriolone (Finkelstein and Goldberg, 1957). 


D. IIlliSl.TlSM 

Forty patients with simple hirsutism, but no virilization and with 
menstrual disturbances in some instances, did not excrete measurable 
pregnanetriolone (Finkelstein, 1959 and unpublished). 


E. Hermaphroditis.m a.nu PsErDOUEHMAPnRonrri.s.\i 
Due to Extra-adrenai, Factor.^ 

Pregnanetriolone was not found in one case of true hermaphroditism 
(Zachariae, 1955), in two cases of male pseudohermaphroditism (Zondek 
and Finkelstein, 1954) , nor in one case of female pseudohermaphroditism 
of the constitutidnal type (Finkelstein, 1959) . 
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F. Adrenal Adenomas and Carcinoma 

Especially noteworthy is the absence of prcgnanctriolone in the 
urine of most cases of adrenal neoplasia. Altogether 14 cases of carcinoma 
and 7 cases of adenomas were studied. These patients had a wide range 
of clinical manifestations such as virilization, Cushing’s syndrome, Conn's 
syndrome, and symptoms not pertaining to the secretions of the adrenal 
honnones. In some, in addition to the determinations of pregnanetriolone, 
the urine was analyzed for pregnanetriol, cortisol, and 17-ketostoroids. 
The ptirticuhirs are summarized in Tables III to V. It is of interest to 

'I'ABLE JI 

Casks in Wiiicii Virti'ai.i.y No Pbkonanktuioi.onk Was Exf'KKTEo 




l’-ti*iolom*" 

P-lriol'' 

Xo. of 

( ohciilioii 

(mg., 24 hours) 

(mg /24 lioui>) 

280 

Normal adult ri 

None 

0 1 2.0 

7 

Nonnjil adults after AC’l'lf 




3 days; 100 mj;. l.Al./day 

N()nc‘ 

1.2 3.r, 

2 

Pemphigus vulgaris after AC^TIl 




5 days; 150 mg. I.M./dav 

Non(‘ 

M 3 0 

200 

Pregiiant'ies 3rd trimester 

N(»ne 

O.o 2 :> 

(30 iiidiviOuuls 




jitkI pool of 2(M)) 




40 

Hirsutism 

None 

0.5-3 5 

14 

Adrenal careinonia 

Noruj 

0.2 13 

() 

Adrenal adenoma 

Noiu* 

0.8 18.0 

1 

Ailrenal adenoma 




“Conn’s synilrome” 

0. 1 ? 

2.0 

“ P-triolonc - 

3tt, 1 7 a,20a-trihydroxy-5jS-pregnnn-l 1 -on(\ 



*' P-triol — 5^-pn!guann-Srt,17a,20a^triol. 

note that many of the above cases excreted a considerably increased 
amount of pregnanetriol. The level was comparable to that seen in cases 
of adrenal hyperplasia (see Section XI, A) and thus estimation of preg- 
nanetriol alone is in our opinion of little value in a differentiation be- 
tween adrenal tumors and adrenal hyperplasia. This is contrary to the 
observation of Bongiovanni et al. (1959) that pregnanetriol is usually 
not increased in adrenal neoplasia. 

The absence of pregnanetriolone in 20 of 21 of these cases suggests 
that it is excreted relatively rarely by patients with adrenal tumors. 
The only case where it was found was a patient with adrenal adenoma 
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Adrenal x\d£noma and Carcinoma Associated with ‘^Aidosteronism” {Conn's Syndrome)^ 

AND WITHOUT ClINICAL MANIFESTATIONS PERTAINING TO HORMONAL ACTION 
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associated with hyperaldosteronism — ^“Conn’s disease” (Table V). The 
excretion was about 0.1 mg./24 hours and thus too small a quantity 
for complete identification. Of considerable interest are the steroid ex- 
cretion studies performed by Fukushima et al. (1960) on a patient with 
Cushing’s syndrome due to adrenal carcinoma. This patient apparently 
did not excrete pregnanetriolone (cf. Table TV, patient G.G.) , but small 
amounts of prcgnanetetrol and its 20)3-epimer were found. Since there 
seems to be no principal difference in biosynthetic pathways of both 
pregnanetriolone and prcgnanetetrol (see Section XII), the finding of 
prcgnanetetrol may be regarded as indirect evidence for the possibility 
of pregnanetriolone production by some adrenal tumors. In fact it seems 
most probable that some tumors may produce steroids, among them 
jiregnanctriolone, which are not usually found under normal conditions. 
In this respect special consideration should be given to adrenal tumors 
originating from adrenal hyperplasia (Ilamwi et al., 1957). Thus a 
classification of the above cases as excreting “no pregnanetriolone” must 
be subject to further studies, but it seems logical to assume, on the 
basis of past ex[)crience, that most additional cases will show a similar 
pattern of excretion. In this connection it is necessary to point out that 
by “no pregnanetriolone” we do not intend to imply the complete absence 
of pregnanetriolone. The term is merely used to indicale that witli 
liresent teehniciues pregnanetriolone was not detected. 


XI. ('.ondilions iii Vi'hieh Freguuiielriolone Is Exercled 

A. t'oNCJKNiTAL Adrenal Hyt’ehi’La.sia (Table VT) 

Urine of 30 cases of congenital adrenal hyperplasia (female pseudo- 
hermaphrodites or males with macrogenitosomia precox) was analyzed 
by the present author for pregnanetriolone (Finkelstein, 1959 and un- 
imblishcd). In all of them pregnanetriolone was detected. The urinary 
excretion in the majority of cases of untreated adult patients varied be- 
tween 3 to 12 mg./24 hours. Usually with decreasing age, less has been 
found than in adult patients, especially before age five. In a few cases 
of adrenal hyperplasia in newborn infants pregnanetriolone has been 
found in the urine a few days after birth, and varied in amount be- 
tween 0.05 to 0.2 mg./24 hours. The presence of pregnanetriolone at 
such an early age may be of considerable diagnostic importance, since 
it has been observed that in some cases it was most useful in evaluating 
the condition (Cox and Finkelstein, 1957; Finkelstein, 1959; Bergstrand 
et al., 1959). Cox (1959, 1960, and personal communication) found 
pregnanetriolone in all 9 cases of congenital adrenal hyperplasia. They 
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included infants aged 1 week to 2 years, children 3 to 15 years, and 
adults of both sexes. The limits of excretion ranged between 0.07 to 
20 mg./24 hours, the lowest amount being excreted by an infant aged 
1 week. Bergstrand et al. (1959) described excretion of pregnanetriolone 
in 3 infants and 3 children. No exact quantitative data were reported, 
but it was noted that the ratio of pregnanetriolone to prcgnanetriol ex- 
creted was high in the infants and lower in the older children. This 
confirms the earlier observation of Cox and Finkelstein (1957), and 
similar results were found by Bongiovanni et al. (1959) in their study 
of 11 patients, aged 2 W'eeks to 23 years, with c-kigonital adrenal 
hyperplasia. Further studies on the excretion of pregnanetriolone in 
congenital adrenal hyperpla.sia were reported by Fukushinia and Cal- 
lagher (1957) and by Bush et al. (1957). 

In addition to pregnanetriolone the excretion of )>regnane(.c(rol in 
the congenital adrenogenital syndrome has been freciucntly noted 
(Fukushima and Gallagher, 1957; Cox, 1960). The metabolic relation 
of these two steroids will be discussed below. 

Cortisone or its analogs depresses the excretion of pregnanetriolone 
very efficiently. The decrease is already evident, in some cases, after a 
few days’ therapy, but in others it may take longer to bo significantly 
decreased. In no case was excretion of pregnanetriolone completely 
suppressed, though in some cases treatment with cortisone was quite 
intensive. The most intensively suppress^ adult jiatients still excreted 
0.1 0.5 mg. pregnanetriolone in a 24-hour brine samjde. In some of them 
the decrease in the pregnanetriolone excretion was well correlated with 
the decrease in l7-kctosteroids and prcgnanetriol, but in a few' pregnane- 
triolone decreased finst, and in still others a daily dose of cortisone was 
sufficient to decrease the 17-kctostoroids or prcgnanetriol without ap- 
preciably changing the level of jiregnanctriolone. In one case, which 
was closely followed up, of an adult female pscudohermaphrodi tc due to 
congenital adrenal hyperplasia the menstrual period did not occur until 
the initial 50 mg. jier day dose of cortisone was increased to 75 mg., which 
was sufficient to tlepress the excretion of pregnanetriolone to about 0.1 
mg./24-hour urine sample. During medication with 50 mg. cortisone, 
pregnanetriolone w'as excreted at the rate of 1 to 2 mg./24 hours, and 
the 17-ketosteroids were in the normal range. The latter did not change 
when the dose of cortisone was increased. 

Though the above cases of congenital adrenal hyperplasia, who 
excreted 'pregnanetriolone, cornj)rised a wide spectrum of variants of 
the syndrome such as simple virilization, h 3 q)ertension, and salt-losing 
syndrome, it would be unwise to conclude that pregnanetriolone is ex- 
creted in all forms of congenital adrenal hyperplasia. In fact the presence 
of pregnanetriolone is attributed to an impaired hydroxylation at C-21 
of the steroid molecule in the courM of the biosynthesis of cortisol 
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(Finkelstein, 1959). On the other hand it has been established that in 
certain cases of the hypertensive form of the syndrome the hydroxylation 
at the C-11 may be blocked. If this block is absolute, pregnanetriolone 
could not be formed. One such case was described in 1955 by Eberlein 
and Bongiovanni, but analysis for pregnanetriolone was not performed. 
These authors (Bongiovanni et ah, 1959) later found an increased 
pregnanetriolone in one case of hypertension associated with congenital 
adrenal hyperplasia, but no conclusion could be reached because the 
infrared spectrum (performed on crude material) was different from preg- 
nanetriolonc. Nevertheless a possibility of congenital adrenal hyperplasia 
with or without low excretion of pregnanetriolone must be considered. 
One of the cases with hypertension seen by us had a considerably lower 
j)regiianetriolone excretion (0.15 mg./24 hours) than us\ially encountered 
in the simple form of congenital adrenal hyperplasia. Also Cox (1960) 
noted a comparatively low excretion of pregnanetriolone in one hyper- 
tensive patient with congenital adrenal hyperplasia. These patients arc 
similar to the one with hyjiertcnsion as.sociated with congenital adrenal 
hyperplasia, rejjorted by Dyrenfurth et al. (1958) where small amounts 
of steroids with oxygen at C-11 were found in the urine. Such cases 
would belong to a category where a partial deficiency of the 11^-hy- 
droxylase is shown, aiul would be analogous to the more common 
deficient^ in 21-hydroxylase, wdiich as far as known is never complete. 
On the other hand very few cases of congenital adrenal hyi)erplasia 
showing a complete enzymatic impairment in the C-11 hydroxylation 
have been described (Green et al., 1960), and may be regarded as ex- 
ceptional. Hence, in the majority of congenital adrenal hypcrplasic pa- 
tients, pregnanetriolone may be expected to appear in the m ine.* 


B. Cu.shing’s Syndrome Due 
TO Bilateral Adrenal Hyperplasia (Table VI T) 


Pregnanetriolone has been determined in 7 cases of Cushing’s syn- 
drome due to adrenal hyperpl.asia, 4 verified by histological examination 
and 3 seen with enlarged adrenals; it was present in all of them. The 
excretion varied between 0.05 to 0.5 mg. in a 24-hour urine sample. 
This is appreciably less than is found in most cases of the virilizing syn- 
drome due to congenital adrenal hyperplasia. The excretion of preg- 
nanetriol in Cushing’s syndrome was either within the normal limits 
or, rarely, slightly elevated. Administration of ACTH to two Cushing’s 
syndrome patients increased the excretion of pregnanetriolone about 

* IVote added in proof. Recently we encountered* one case of congenital adrenal hyperplasia as- 
sociated with hypertension which did not excret,e mcaaurablo pregnanetriolone. On the other hand 
the urine rhntained 25 mg./liter of S/S-pre^ane-Sa, 17ae, 21-triol-20-one (Tetrahydro llciohstein's 
(M>mpound S). This case confirms the findings of Eberlein and Bongiovanni (1055) that in this 
type of congenital adrenal hyperplasia the hydroxylation at C-ll position of certain precursors of 
cx>rti8ol may be practically completely inhibited. 
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TABLE Vir 

Ccbhing’s .Syndhujuk Asso(’iateu with Adrenal Hyperplaria or 
WITH Unproven Adrenal Pathology 




Ago 

Adrenal 

P-triolone“ 

P-triol® 

Patient 

Sex 

(years) 

patliolngy 

(mg./24 hours) 

(nig./24 hours) 

Ah.A 

M 


Hyperplasia 

0.00 

0.5-1 

(J.H. 

F 


Hj'pcrplasia 

0.06*0.08 

1-8.2 

B.L. 

F 


Hyperplaaia 

0.5 

8.5 

M.S. 

V 

:^8 

Hyperplasia 

0.00 > 

0.8 

J.M. 

V 

2:5 

Hyperplasia'' 

0.05 

1.5 

J.G. 


20 

Hyperplasia'' 

0.10 


E.P. 

V 

45 

Hyperplasia'' 

0.05 

0.08 

N.O, 

M 

:V2 

Unproven 

0 26-o.:i 

1-2.8 

E.M. 

V 

;i5 

Uniiroveii 

0.11 

0.22 

E.Sh 

F 

18 

1 rnproven 

0.08 

0.45 

R.Sh 


M 

1‘nproven 

0.20 

0.80 

E.V. 

F 

52 

Unproven 

0.08 

0.70 

V.L. 

1' 

10 

Unproven 

0.075 

0.58 

Seven casori 

V 

14-57 

Unproven 

None 

0.4- 1.5 


“ Seo Tnhle t. 

^ ludicated by perirenal insufl’ution. 

threefold. This increase was not accompanied by an increase of pregnane- 
triol. Curiously, in one case pregnanetriol markedly decreased during 
the increase in pregnanetriolone excretion (Finkolstein, 1959). 

Of some interest was the remarkable correlation between the clinical 
condition and the excretion of pregnanetriolone observed in one jiatient 
with bilateral adrenal hyperplasia. The initial excretion during the pro- 
treatment period was 0.09 mg./24 hours. After a bilateral subtotal 
adrenalectomy the level of pregnanetriolone decreasinl to a level not 
detectable by our method. Control estimations carried out during the 
following 2 years did not detect any pregnanetriolone. At the end of 
these 2 years, when the clinical condition rajiidly deteriorated, 0.07 
mg./24 hours of pregnanetriolone could be detected. The patient was 
operated on again and a total adrenalectomy was performed. No preg- 
nanetriolonc w’as found postoperatively (Elin'nfeld and Finkelstein, un- 
published) . 


r. Cu.sihng’s Syndrome with No Evidence 
OF Adrenal Hyperplasia (Table VII) 

In 6 of the 13 patients with Cushing’s syndrome without evidence of 
adrenal hyperplasia, pregnanetriolone was excreted in the urine in the 
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range 0.04-0.30 mg./24 hours. In contrast, the other 7 patients with 
similar clinical symptoms did not excrete detectable pregnanctriolone. 
Stimulation of tlic adrenals of one of these patients with ACTH in a 
way similar to the previous cases did not result in any occurrence of 
urinary pregnanetriolonc. This observation shows that “hypercorticism” 
per sc, as it undoubtedly exists in the Cushing’s syndrome, does not 
necessarily result in the excretion of pregnanctriolone. Even further 
stimulation of the adrenals which usually are hypersensitive to ACTH 
(Nugent, 1960) may not influence the excretion of pregnanctriolone. 

Thus the presence of pregnanctriolone in certain patients with 
Cushing’s syndrome and its absence in others ttlie discussion here is 
limited only to the syndrome nol due to neopla.sia), suggests that the 
syndrome may comprise several biochemical variants with similar clini- 
cal manifestations, but of different etiology. 

It seems rcasona])le to ns.sunie tliat when pregnanetriolonc i.« present, 
the primaiy lesion lie.s within the adrenals, and is due to an enzymatic 
defect w’liich is imperative for the fonnation of the compound. Quite 
probably this may be an inborn deficiency, which becomes evident in 
postnatal life, and especially postpubcrtally. A congenital enzymatic 
lesion has been similarly postulated in the case of postnatal (pro- or 
postpubertal) A'irilizing .syndrome due to adrenal hyperplasia (Wilkins, 
1957; Oreonblatt, 1958; Brooks ct al., 1960). It is of interest to not/C that 
the adrenals of these i)atients arc not alw.ays enlarged, although they 
continue to be e.lassifi('d, somewhat strangely, as ‘‘iidrenal hyi)erplasia” 
(Brooks et al., 1960). 

In contrast to the above eases of C’usliing's .syndrome in which an 
enzymatic deficiency is suspected, some of the cases not excreting preg- 
nanetriolone, when stimul.ated with AC’TII. may be regarded as simple 
“hyjM'rcorticism” and are probably tl-.ie to a .small excess of ACTH. 
Such an explanation of Cushing’.s syndionu- associated with adrenal 
hyperplasia has been recently consid(Teil by Nugent ct al. (1960). 

D. Po.sTNATAL ViKii.iz vrio.v Syndrome 
AND STEIN-IiEVENTttAf. SVNDUOME (Tal)lc VIll) 

The etiology of the postnatal virilization syndrome, other than that 
conditioned by adrenal or gonadal tumors, remains uncertain. 

Some authors believe that the postnatal adrenal virilism may be 
due to “acquired hyperplasia” (Dorfman and Shipley, 1956), and others 
prefer to regard it as a latent congenital lesion (Grcenblatt, 1958). 

Relatively few adrenals of these cases have been explored and they 
have not always been found to be hyperplastic (Brooks et al., 1960). 
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TABLE VIII 

Postnatal Virilizing Syndrome with Unproven Adrenal Pathology 


Patient 


L.O. 

Ca.K. 

A.R. 

J„S. 

N.P. 

Sh.F 

R.N. 

Ch.I\ 

Eleven cases 


Age 

Sex (years) 


F 51 

F 20 

F 18 

F 35 

F 18 

F 18 

F 19 

F 28 

F 8 28 


P-triolone“ 
(mg./24 hours) 


0.08 
0.25 
0.13-0.2 
0.4-1 .0 
0 . 1 - 0.20 
0 . 8 ^' 
<0.04 
<0.04 
None 


P-triol“ 
(mg./24 hours) 


0.86 

3.2 
0.7-1 
3.5-5.0 
1 - 1.2 
4 . 5 ^ “ 
0.0 

4.3 

0.2-2.5 


17-Ketosteroids 
(mg./24 hours) 


5.4 

34.0 

12.2 

18-22 

12 

lO*' 

14.8 

16.8 
5-15 


« See Table I. 

After intramuscular administration of 100 mg. .\OTH-gel, daily for 3 days. Before 
A(rrH was given no detectable j^regnanetriolone was excreted; the mean level of 
pn'gnanetriol was 2.6 mg./24 hours and 17-ketostcroids, 10 ing./24 hours. 

Tlie excretion of the ]7-k(jfcostcroi(ls and prcgnanctriol is variable and 
may be increased in some cases but normal in others. 

Pregnanetriolone lias been estimated by us in 19 cases of iiosipuberfal 
virilizing syndrome. Most of them did not excrete detectable pregnane- 
triolono. In the 5 positive cases the exen'tion was in the range of 0.1 to 
1.0 mg. of pregnanctriolono jicr 24-hour urine sample. Only in 4 cases 
was pregnanetriol significantly increased and, in 2 of them, high preg- 
nanetriol was not associated with a corresponding increase in ])regnaiie- 
triolone. Additional cases of postpubertal virilizing syndrome (excreting 
pregnanetriolone were pn^sented by Jayle et al. (1958), and Brooks 
etal (1960), 

Stimulation with ACTII, in one of our cases, with prior absence of 
pregnanetriolone, resulted in its increase to measurable levels (Sh.F., 
Table VIII). In the others, where iircgnanetriolone was initially present 
in small amounts it was further increased after administration of ACTH. 
Of special interest one of them (N.P., Tabic VUI) responded to 100 mg. 
of ACTH-gel, given intramuscularly by an increase from the initial 
level of 0.2 ing. of pregnanetriolone in 24 hours to 5.3 mg. in 24 hours. 
Pregnanetriol rose from 1 to 27 mg. in 24 hours, and 17-ketosteroids 
from 12 to 35 mg. in 24 hours. The twenty-fivc-fold increase of preg- 
nanetriol and pregnanetriolone strongly implies an inhibition in the C-21 
hydroxylation of one of the precursors of cortisol. The fact that the 
17-ketosteroids increased by only a factor of 3 during the same period 
may be taken as evidence against the concept of a general oversensitivity 
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of the adrenals. Brooks et al. (1960) obtained similar but less dramatic 
results by stimulating with ACTH 3 patients who had postpubertal 
virilizing syndrome. The increase of pregnanetriol was by a factor of 
2, 5, and 6, respectively. The 17-kctosteroids rose in 2 cases to about 
twice the initial level, and remained unchanged in the third. No data 
were presented on prcgnanetriolone after the stimulation, though in 
two cases prcgnanetriolone was initially present in concentrations of 
0.9 and 1.0 mg. per 24-hour sample. The main difference between the 
cases of Brooks et al., and our scries is the high “resting” values of 
pregnanetriol noted by the first-mentioned authors which distinguished 
the patients from normal. Our results show the occurrence of a “latent” 
adrenogenital syndrome with normal pregnanetriol and 17-ketosteroids, 
but with an abnonnal excretion of prcgnanetriolone. However, by ex- 
posing the patient to an excess of ACTH a condition was created which, 
as far as the urinary steroid excretion is concerned, was indistinguishable 
from the congenital form of the virilizing syndrome. 

Prcgnanetriolone has occasionally been found in the urine of patients 
with Stein -Leventhal syndrome (Cox, personal communication;^ Finkel- 
stein and Shoenbergor, unpublished re.sults). No immediate explanation 
can be offered why some patients d.o and others do not excrete this 
steroid. The po.ssibility that an abnormal function of the adrenal cortex 
in these patients (Grcenblatt, 1958) causes excretion of prcgnanetriolone 
must be considered. In contrast, one of our fwtieiits with Stein-Levcnthal 
syndrome who excreted prcgnanetriolone prior to o'^’arian resection ceased 
gradually to excrete the compound following the operation. No {ilausiblc 
explanation can be offered at this stage. 


XII. Biosynthesis of Pregnanelriolone 

The most probable biosynthetic precursor of prcgnanetriolone is 
either 21-deoxycortisone or 21-deoxycortisol. This has been clearly shown 
by several inve.stigators (.lailer et al.. 1955; Rosselet et al., 1967; 
Fukushima et al., 1958, 1959; Ungar et al., 1960), who isolated pregnane- 
triolone and pregnanetctrol in urine alter administration of 21-deoxy- 
cortisol and 3a,17a-dihydroxy-5)3-pregnane-ll,20-dionc, respectively, to 
persons with normal endocrine functions and to patients with con- 
genital adrenal hyperplasia. Thus it is beyond doubt that 21-deoxy- 
cortisol, if present in the human body, is normally converted to preg- 

* After submission of this article for publication R. P. Shearman, R. I. Cox, and 
A. Gannon reported that in sixteen consecutive cases of Stein-Leventhal syn- 
drome pregnanetriolone was found in the urihe [Lancet, i 260, 19611. 
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nanetriolone. On the other hand Finkelstein and Goldberg (1957) and 
Pukushima and Gallagher (1958) demonstrated that neither cortisone 
nor cortisol may be regarded as precursors of pregnanetriolonc. This 
verifies the hypothesis of Dorfman (1955) that the main defect in the 
most common type of congenital adrenal hyperplasia land in some cases 
also in other types of adrenogenital syndrome, see above) is due to 
some insufficiency in the enzyme system involved in the hydroxylation 
at the C-21 position. This hydroxylation must normally take place in 
the biosynthetic reactions leading to the formation of cortisol before the 
hydroxylation at C-11 (Ilayano et ah, 1956) . Had the G-11 hydroxylation 
been the first in the sequence, the formation of 21-deoxycortisol would 
lead to excretion of pregnanetriolonc. But normally, until now, no preg- 
nanetriolone could be found in the urine. Even an energetic stimulation 
of the adrenal cortex with ACTH, causing a significant overproduction 
of other steroids, did not bring about excretion of pregiianetriolone 
(Finkelstein, 1959) . Neither is the compound excreted in cases of adrenal 
tumors showing elevated secretion of steroids. On the other hand in some 
of these cases pregnanetriol was significantly increased. The major 
precursor of pregnanetriol is most probably 17«-hydroxyprogost crone 
(Fotherby and Love, 1960). The increased excretion of pregnanetriol 
may be regarded as a result of the overflow of ]7«-hydroxyprogesteronc. 
which accumulates either under the influence of the exogenous ACTH 
stimulation or of the neoplastic tissue. Since the 21-hydroxyla.se can- 
not cope with such an excess of 17a-hydit)xyprog(‘steronc, a part of it is 
reduced to pregnanetriol. A possible explanation as to why this extra 
17a-hydroxj'progcsterone has not been exposed to the action of 11 j8- 
hydroxylase to fonn 21-deoxycortisol is outlined below. 

The situation is different in virilizing syndrome due to congenital 
adrenal hyperplasia, and excreting pregnanetriolonc. Here the normal 
biosynthesis of cortisol is obstructed by the deficient Cm hydroxylase 
(Dorfman, 1955), which is essential for conversion of 17a-hydroxypro- 
gesterone to the intermediate 11-deoxy cortisol. In contrast to events 
under normal conditions, a part of the 17-hydroxy progesterone becomes 
hydroxylated at the C-11 position and transformed into 21-deoxycortisol. 
The last-mentioned compound is poorly converted (if at all) into 
cortisol and largely excreted as pregnanetriolonc (Fukushima et al., 
1959), Thus two major metabolites are excreted in the urine: preg- 
nanetriol originating from the accumulated 17a-hydroxyprogestcr- 
one, and pregnanetriolonc from the abnormally produced 21-deoxy- 
cortisol. Accordingly, the last-mentioned compound should be regarded 
as the “abnormal hormone” in congenital adrenal hyperplasia, with a 
deficiency in the C-21 hydroxylating system. 
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In cases of virilizing syndrome arising po^tpubcrtally, and excreting 
prcgnanctriolone, a similar enzymatic defect may be considered, except 
that the relative insufficiency of the 21-hydroxylase is less pronounced. 
Thus the production of cortisol is impaired to a lesser degree, with a 
subsequently more efficient inhibition of ACTH secretion than in the 
congenital variant of the syndrome. It follows, that in the postpubertal 
virilizing syndrome the adrenals are generally exposed to less stimulation 
by ACTH than in the congenital form. If so, the rate of biosynthesis of 
the C 21 steroids, among them 17a-hydroxyprogestcrone, should be lower 
than in congenital adrenal hyperplasia. Concurrently less pregnanetriol 
should be excreted. The experimental results are in agreement with the 
above postulate. However, the occurrence of prcgnanetriolone in post- 

I) ubertal ^•irilism deserves special consideration. Since a considerable in- 
crease of 1 7a-hydroxyprogesteront' cannot he expected in this syndrome, 
and, on the basis of urinary pregnanetriol excretion, it may even not be 
increased at all, the formation of prcgnanetriolone cannot be due to 
excess 17a-hydroxyprogesterone. On the other hand, if the assumption 
is made that in the adrenogenital syndromes excreting prcgnanetriolone, 
an abnormal 11/3-hydroxylase specific for C 21 deoxysteroids is function- 
ing, the occurrence of pregnanctriolone can easily be understood. In 
other words, two different and independent enzymatic lesions are opera- 
tive in the various adrenogenital syndromes (with the excretion of preg- 
nanetriolone) . The first would be the relative deficiency in the 21-hydrox- 
ylase, and the second, the availability of an 11^-hydroxylase specific for 
C 21 deoxysteroid.s. 

In the most common congenital virilizing adrenal hyperjdasia the 
deficiency in the C 21 hydroxylase leads to an excess of 17a-hydroxypro- 
gesterone, which is in part excreted as pregnanetriol and in part con- 
verted by the unusual 11/8-hy droxjda.se to prcgnanetriolone and preg- 
nanetetrol (via 21-dcoxycortisol). These compounds are excreted at a 
greatly increased level. 

In the postpubertal virilizing sjmdrome, the relative insufficiency of 
21-hydroxylase is much less, but, due to the presence of the abnormal 

II) 8-hydroxylase acting upon 1 7a-hydroxyprogestcrone, a part of the 
latter would be converted to 21-deoxycortisol and excreted as prcg- 
nanetriolone. Since no serious accumulation of 17a-hydroxyprogcsteronc 
occurs, normal or moderately increased amounts of pregnanetriol are 
excreted. 

In Cushing’s syndrome, with prcgnanetriolone excretion, some of the 
17o-hydroxyprogcsterone is exposed to the abnormal lljS-hydroxylasc 
and eventually transformed into ppegnanctriolone. No deficiency has 
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been observed in tlic C-21 hydroxylating system, and in most cases 
the excretion of pregnanetriol remains within normaJ limits. 

Normal persons, receiving ACTH, excrete more pregnanetriol. No 
l)regnanctriolonc is formed, because tin* normal sequence of events lead- 
ing to the biosynthesis of cortisol by w'ay of 17a-hydro.\yprogestcronc — > 
11-deoxy cortisol is maintained. 

To designate this virtually qualitative functional difference in the 
adrenogenital syndromes, excreting iiregnanetriolone, the term adrenal 
heterojunction has been suggested (FinkclsUdn, 1959). This term may 
be especially useful to apply to those adrenogenitid syndromes, fre- 
quently referred to as “adrenal hyperplasia,” in which in fact no hy- 
perplasia exists. 
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I. Intrudurlion 

The past fifteen years have been marked by significant successes of 
many investigators in isolating and elucidating the structure of adreno- 
corticosteroids excreted in the urine under normal and pathological con- 
ditions. Concomitantly, chemical assay methods were developed which 
(iliminated the necessity of utilizing tedious and difficult classic isolation 
procedures for qtiantitation of the steroids. These newer methods are 
relatively simple and practical ; this is due to the fact that many of the 
adrenocorticosteroids pos.sess functional groujis on the steroid nucleus 
which react readily with easily available and inexpensive chemical rea- 
gents, The products of the reaction, which an; for the most part colored 
or fluorogenic, can then be measured with suitable instruments of the 
spectrophotometer type. Because of the high (l<*grce of sensitivity of the 
chemical assay methods, steroid quantitation can now be carried out 
with a smaller fraction of the total biological sample than would have 
been necessary had the classic method of isolation been required. 

Recent advances in instrument de.sign have made it possible to increase 
further the sensitivity of the chemical assay methods; this thus permits 
the analyses of microamounts of adrenal steroids in biological material. 
Mechanical attachments designed for the Beckman DU spectrophotom- 
eter or a similar instrument, microcells which permit the measurement 
of color intensities in 1.0 ml. or less of solution, the availability of refined 
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spectrophotofluorometers as well as infrared spectrophotometers are only 
a few of the tools available to make steroid quantitation feasible, simple, 
accurate, and extremely sensitive. 

Before the methods and instruments can be used with confidence, it is 
absolutely necessary for the analyst to understand some of the require- 
ments which will make the chemical assay reliable. One of these, which 
will be discussed fully later, is the necessity for having several purifica- 
tion methods which can be used to eliminate nonsteroidal material from 
crude organic solvent-soluble extracts of biological material. By reacting 
with many of the reagents used in a particular chemical assay these ma- 
terials interfere with color development or often give rise to colored prod- 
ucts whose absorption maxima correspond to those given by the steroids. 
Consequently, the sensitivity and specificity of a particular method may 
be greatly decreased. 

As a wider spectrum of steroids is isolated from various biological 
sources, improvement of the existing chemical methods or dev(‘lopracnt 
of new techniques may be required so that reliable measurements can be 
done easily either for clinical work or research. This may also ni'cessitate 
changes or re-evaluations of the existing indices which have been applied 
to the interpretation of adrenocortical function in normal or pathologicfd 
states. In a large measure this will depend on the quantity of the .stA- 
oid(s) found in relation to the metabolic state of the individual. 

Exacting isolations of the pregnantetrols from urine (Finkelstein et al., 
1953; Cox and Finkelstein, 1957; Cox, 1959; Finkelstein, 1959) are a 
case in point. Looked upon at first as perhaps oddities in terms of urinary 
steroid metabolites, they have been shown recently to be of value in aid- 
ing in the diagnosis of a particular type of adrenal hyperplasia to which 
Finkelstein (1959) has ascribed the term “adrenocortical heterofunction.” 
The appearance of substantial amounts of cortolone (3a,17a,20o,21-tetra- 
hydroxy-6)5-pregnan-ll-one) and )3-cortolone (3a,17a,20)8,21-tctrahy- 
droxy-5j8-pregnan-ll-one) as well as the respective cortol (position 11 
hydroxylated) cpimers in human urine (Fukushima et al., 1955; Bush and 
Willoughby, 1957; Romanoff et al., 1959) and their parallel relationship 
to the urinary excretion of tetrahydrocortisol, allotetrahydrocortisol, and 
tetrahydrocortisone (Romanoff et al, 1959) indicates that ttiese sub- 
stances also may be used as indices of adrenocortical function. 

In this chapter the author will present some of the basic requirements 
for reliable chemical assays that may be used for routine analyses. To 
this end. one must necessarily deal with certain fundamental aspects. 
This chapter has been written principally from the practical point of 
view for those who wish to use chemical analyses for the determination 
of adrcnocorticostcroids. No special mention will be made concerning the 
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chemical assay of aldosterone. This subject is outlined competently in 
Chapter 7 of this book. 

Although Section III deals with both old and newer methods, it does 
not do so as an advanced treatise on the subject. Specialists in the field 
of chemical analyses probably have supplemeritarj' data w'hich cannot 
appear here as a result of the limitations imposed on the present author 
by time. Finally, the references quoted were chosen to represent a cross 
section of significant findings. A representative choice has been necessary 
for the sake of convenience as it is impossible to quote all pertinent work. 
For a more extensive bibliography the reader is referred to excellent 
monographs and reviews by Callow (1950), Lieberman and Teich (1953), 
Engel (1954), Zaffaroni (1953), Dorfman (1957), Roberts and Szego 
(19551, Zimmermann (1955), and Saffran and Saffran (1959). 

II. Requirements for a Good Chemical Assay 

A. General 

Although different chemical assay methods may be used for the esti- 
mation of the same, or closely related, corticosteroids which are described 
as fonnaldehydogenic, reducing, 17-ketogenic, etc., these, regardless of 
their simplicity or complexity, must satisfy the requirements of specific- 
ity, reproducibility, and sensitivity. Of these, the first is the most difficult 
because the reagents used must react with certain specific chemical group- 
ings on the steroid molecule. Specificity, in a large measure, will depend 
upon the methods used for extraction and the degree of purification of 
the adrenocorticostcroids achieved. In addition, to meet the criterion of 
specificity the results obtained with a given chemical assay method must 
be consistent with the medical facts. For example, in primary adrenal 
insufficiency, Addison’s disease, or hypopituitari.sm one would expect the 
levels of adrenal steroids to be very low' and conversely, to be very high 
in congenital hyperplasia and certain manifestations of Cushing’s syn- 
drome. 

The second requirement for a chemical assay is reproducibility. This 
means that a method should yield relatively constant values in replicate 
detenninations of the same sampU; analyzed on the same or different days. 
In addition, when used by several groups of workers the results should 
be in agreement. In this type of experiment, known substances are car- 
ried through all the manipulations nec('ssaiy for obtaining the material 
one wants to measure cither in tissue or biological fluids. This sometimes 
proves difficult because of the unavailability of the steroid to be deter- 
mined. For example, at present stcroul glucosiduronidatcs are difficult to 
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obtain and thei'eforo little work has been carried out to check tlie accu- 
racy of methods which depend at one stage on the extraction of adreno- 
corticosteroid conjugates (Reddy et al., 1952; Reddy, 1954). As a rule, 
adrenal steroids are extracted, after acid or cnzyiiic hydrolyses, in the 
free form. Since most of these substances are commercially available, the 
considerations discussed above do not present a serious problem. 

The investigator seldom finds it difficult to meet the criteria for greater 
precision and sensitivity with jiuro steroifls when using a colorimetric 
assay. This reejuires that the optical density reading, for the steroids 
only, should be ‘'within the range which is consistimt with good accuracy. 
In most instances this is between 0.2 and 0.7” (Archibald, 1950, 1953) . 
The interfering substances in e.\tracts of biological material, however, 
make it almost impossible to meet this criterion due to their reaction with 
some or all of the reagents used in the chemical assay. In many instaxaces 
the color produced is so intense (blank color), relative to that given by 
the steroid alone, that interpretxition of the vxilues is difficult. In such 
cases the investigator has no recourse bxit to inci'ease the specificity of 
his method or to attempt further I'csolution and pui'ification of his ex- 
tract to eliminate nonspecific material. 

Regardless of whether the methods are to be used as research tools or 
in routine clinical assay work too much emjxhasis cxxiinot be ])laced on 
the above criteria. Other points to be considen'd arc rapidity, simplicity, 
and cost. These, however, do not affect the primary requirement.^ of a 
good chemical assay but are dependent on a particular sot of circum- 
stances. 

Once the recpiirements for a gxxod assay have been met, consideration 
must be given to the conditions under which the biological samplo.s were 
collected. Diurnal variation in adrenxd stex’oid secretion over a 24-hour 
period has been well established (Pincus ct ah, 1948; Romanoff et nl., 
1949, 1957; Jorgensen, 1957). Therefore, short-term urine collections can- 
not reflect daily secretion patterns since the vahies will vary with the 
time of collection. This also applies to blood and tissxic studies (Bliss 
et al., 1953; Doe et al., 1954; Gcmzell, 1955; Migeon et al., 1956a; Reddy 
et al, 1956; Halberg et al, 1958, 1959). 

One of the apparent advantages of assaying blood corticosteroids is 
the possibility of differentiating between administered substances which 
can cause a protracted, a momentaiy, or a rapid rise in plasma cortico- 
steroids as a result of an activation of the adrenal glands. Conditions 
which cause momentary rises in blood adrenocorticosteroids will not be 
detected by analyzing the urinary corticosteroids of a pooled 24-hour 
sample of urine. In general, however, good agreement exists between 
blood and urinary corticosteroid levels (Eik-Nes et al., 1954a, 1955; 
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Sweat, 1965) , such that the former can be relied upon as an index of cor- 
tical activity. 

It should be understood that these measurements reflect an equilibrium 
between production (formation or release from the adrenals or other 
extra-adrenal steroid-producing tissue) and removal (storage, excretion, 
or breakdown) of adrenal steroids. In the normal individual (without dis- 
eases affecting the adrenohypophyscal axisl factors W'hich bring about a 
change in this equilibrium will be reflected as a rule in either an eleva- 
tion or a decrease of the steroid level in blood, urine, or tissue. However, 
caution must be excrcis(Hl in interjireting changes in corticosteroid secre- 
tion since it is possible for factors other than those concerning glandular 
secretion to influence <he level of blood, urine, and presumably tissue 
steroids. 

Tt is well known that (1) the liver is implicated in the metabolism 
of adrenocorticosteroids. Complete or partial hepatcctomy (Nelson, 1961, 
Del Greco et al., 1963), liver diseases, cirrhosis, and liver failure 
(Brown et al, 1964; Heilman et ah, 1954; Conn et al, 1954; Birke and 
Plantin, 1955; Klein et al, 1956; Samuels et al, 1957) prevent the rapid 
di«ajipoaranco of administered adrenal steroids from the blood. This is 
reflected in an incn'asc in free but a decrease in blood steroid conjugates 
and in the excretion of corticosteroids in urine. (2) Kidney damage sig- 
nificantly affects the levels of adrenal steroid conjugates circulating in 
blood. As a result tlu' accumulation of the latter significantly affects the 
late of conjugation occurring in the liver (Englert et al, 1957). (3) In 
advanced jircgnancy, there is an increased blood level of free cortico- 
steroids attributed to the increased "life” of the free steroid before its 
conjugation (Migeon el al, 1957) . These are three of the more important 
considerations which reveal that differences in adrenal function may be 
masked because of compensatoiy mechanisms which are involved in the 
metabolism and excretion of steroids. Although these considerations are 
not directly concerned with the chemical assays per se they should be 
kept in mind when interpreting the data. 

The reader has noAV been made aware of some of the general pitfalls 
which are encountered in chemical assay methods and their interpreta- 
tions. These are of such a nature as to confound the novice who, entering 
this field of investigation without forewarning, would tend to interpret 
readings obtained on his densitometer as absolute truths. 

B. ('-OLLKCTION AXD STORAGE OF SAMPLES 

Biological samples, which are not stored in the frozen state, must be 
preserved against jiossible bacterial gVow'th to prevent destruction of the 
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steroids to be assayed. For example, steroid conjugates in urine can un- 
dergo hydrolysis by bacterial enzymes such as to alter the ratio of free 
to conjugated steroids. An acetic acid solution of thymol (1%) is a sat- 
isfactory bacteriostatic agent but the presence of acetic acid is undesir- 
able. Because of its extreme solubility in most organic solvents used in 
extraction procedures it interferes with some of the chemical assays. 

Birke et al. (1958) have shown that storing urine samples under 
toluene at room temperature is adequate when determining urinary 17- 
ketogenic steroids; other methods arc also used (Tompsett and Smith, 
1955). 

As in the case of urine storage, ])roblem8 are also encountered with 
storage of blood and tissue. Rapid entry of adrenal steroids into the blood 
cells of a freshly drawn sample of blood (Migeon et al., 1957) makes 
the immediate centrifugation of the blood necessary. The plasma may 
then be stored in the frozen state and thawed prior to its analysis. Tissues 
may be stored in the frozen state prior to homogenization and extraction 
with solvent. Alternatively, the tissue may be homogenized immediately 
with ethanol and the homogenates stored in the cold at a final concentra- 
tion of 13% ethanol (Silber et al., 1958; Peron and Dorfman, 1958). 

The importance of collecting 24-hour urine sam]>los has been stressed 
above because of dhimal variation. To ensure completeness of urine col- 
lection, creatinine determinations should bo carried out (Peters and Van 
Slyke, 1932). 

C. Extkaotion or AnRENocon'ricosTKRoiDs 
1. Hydrolysis of Steroid Conjugates 

With the exception of the guinea pig and cat (Burstein et al., 1955; 
Borrell, 1958; Peron and Dorfman, 1958) the greater proportion of adreno- 
corticosteroids or their metabolites excreted in urine or circulating in 
blood are present as water-soluble glucosiduronidate complexes. The lat- 
ter are insoluble in most organic .solvents. For this reason, methods of 
hydrolyses have been devised which will cleave the complex and liberate 
the steroids in a solvent-.soluble form. 

a. Acid Hydrolysis. Strong mineral acids have proved invaluable for 
hydrolyzing 17-kctostoroid conjugates causing little or no destniction of 
this class (however, see Engel, 1954) of steroid. On the other hand, the 
adrenal steroids, free or conjugated, are extremely labile in the presence 
of mineral acids. Destruction of adrenocorticosteroids by acid has been 
clearly demonstrated (Talbot and Eitingon, 1944; Heard et al.. 1946; 
Lieberman and Dobriner, 1948; Cohen, 1951; Cox and Marrian, 1951; 
Liebennan et al., 1952). Fukushima and Gallagher (1957a) showed that 
17-deoxy compounds arise from 17«-hydroxy adrenocorticosteroids as 
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artifacts of acid hydrolysis but not after enzymatic hydrolysis. Tompsett 
(1953) had taken advantage of this fact to suggest a procedure wherein 
acid hydrolysis at an elevated temperature permits the detennination of 
17-deoxy formaldeliydogenic steroids specifically. These findings, how- 
ever, were not substantiated by Marrian and Atherden (1953). 

b. Enzyme Hydrolysis. Because of the extreme lability of the adreno- 
corticosteroids in the presence of mineral acids a very mild hydrolytic 
procedure is necessary, namely, enzyme hydrolysis. This can be accom- 
plished by the enzyme j8-glucuronidase w'hich has been isolated from vari- 
out animal tissues and from bacteria (Talbot ct al, 1943; Mason and 
Kepler, 1945; Buehler et al., 1949; Cohen, 1951; Katzman et al., 1952; 
Tukushima et al., 1953) . This enzyme is available commercially as splenic 
and bacterial )8-glucuronidasc, and those preparations hydrolyze the 
glucosidic bond between glucosiduronic acid and the steroid moiety (Kin- 
sella and Glick, 1953; Baggett et al., 1953). 

The basic observation which led to the utilization of this enzyme was 
made more than two decades ago by Cohen and Marrian (1935). They 
found that there was complete hydrolysis of urinaiy estrogen conjugates 
in human pregnancy urine if conditions conducive to certain bacterial 
growth were favorabli*. Since this original observation, many investiga- 
tors have reported the conditions necessary for enzyme hydrolysis of 
urine and these were eventually applied to the hydrolysis of blood plasma. 

Bayliss (1952) studied conditions which would yield maximum 
amounts of adrcnocorti costeroids as determined by the liberation of for- 
maldehyde. Acidification to a pH of 4.5, buJTering with 1.0 M acetate, 
was found to be optimal for urine. Finally, 5000 units of rabbit liver glu- 
curonidase are added per 100 ml. of urine, and the mixture is incubated 
for 48 hours at 37°C. This pH, and temperatuni, also leads in all like- 
lihood to the release of a conjugate wliich has been found by Paterson 
and Marrian (1951) and Cox and Marrian (1951) to be chloroform 
soluble but hydrolyzable and stable at pH 4.5. Subsequently, the urine is 
extracted, acidified further to a i)H of 1 .0, and left at room temperature 
for 24 hours before it is extracted again. This final treatment will lib- 
erate the free compounds which are presumably not glucosiduronidates 
but which are slowly hydrolyzed by acid (Paterson and Marrian, 1951). 
In addition, it is essential that the urine be hydrolyzed at pH 2.0 if sig- 
nificant amounts of aldosterone are to be extracted (Luetschcr, 1956; 
Dryrenfurth and Venning, 1957; Ayres et al., 1957a; Nehcr, 1959). 

The properties of different enzyme preparations have been shown to 
vaiy. Thus, Buehler et al. (1949) showed that the pH requirement of 
;8-glucuronidase of bacterial origin was near neutrality while the pH 
optimum for splenic glucuronidase wa*s found to be 4.0-4.5 (Cohen, 1951 ; 
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Dustan et cd., 1953) . The concentration of the jiJ-glucuronidases necessary 
for optimal hydrolysis have not been clearly dehned and, in fact, much 
confusion surrounds this particular point. The rate of hydrolysis is ap- 
parently not directly related to enzyme concentration since there are 
many inhibitory factors in urine which prevent the action of /8-glucu- 
ronidases. For instance, Bayliss (1952) indicated that the requirement 
for large amounts of enzyme (much larger than those she designated) are 
necessary to overcome initial inhibition by the hydrolytic products (i.e., 
the free corticoids released). This suggests that the most adequate 
method for obtaining quantitative amounts of stci^ids would be one 
using a combination hydrolysis and continuous extraction method. The 
above findings are analogous to those presented by Karaunairatnam and 
Levvy (1949) where the liberated glucuronic acid causes inhibition of the 
/8-glucuronidase and of those findings reported by Dustan et al. (1953) 
and Golub et al. (1958) where other inhibitory factors are present in 
urine. Other inhibitors of ;8-glucuronidase preparations are known. Thus, 
bacterial /3-glucuronidase is inhibited by ammonium ions (Buchler et al., 
1951) and saccharate has been shown to be a specific inhibitor of ox 
spleen glucuronidase (Karaunairatnam and Levvy, 1949) . 

As in the case of urine, steroid conjugates have been shown to be pres- 
ent in blood (Bongiovanni et al., 1954; Bongiovanni, 1954; Bongiovanni 
and Eberlein, 1955; Klein et al., 1955; Reddy et al., 1955; Wcichselbaum 
and Margraf, 1955; Venneulen, 1956). It has been mentioned also (see 
above) that the ratio of free steroid to conjugated steroid in the blood 
may fluctuate according to the state of the individual. Consequently, the 
use of hydrolytic procedures is necessary to obtain a complete picture of 
corticoid output as reflected by blood i)lasma and urinary levels. 

Few methods have been reported for the hydrolysis of steroid con- 
jugates in blood although it is generally assumed that optimal conditions 
for urine hydrolysis are applicable to blood. Methods have been proposed 
by Bongiovanni and Eberlein (1955) and Szego (1957) for total adreno- 
corticosteroid assay in blood. The method of the former group, described 
originally for plasma, has been used more extensively. The plasma pro- 
teins are first precipitated with 95% ethanol (2.5 volume). No appre- 
ciable loss of adrenal steroids appears to take place by adsorption on 
precipitated plasma proteins since proteolytic enzyme hydrolysis of the 
precipitated proteins yielded only traces of reacting steroid-like material. 
After centrifugation and removal of the proteins and most of the alcohol 
by evaporation the aqueous phase is made up to its original volume with 
water. The free steroids are obtained by direct extraction of tlie aqueous 
phase. The conjugated steroids are obtained by hydrolyzing the aqueous 
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residue and re-extracting. In this manner a measure of the free and con- 
jugated adrenocorticosteroid (total corticosteroids) may be obtained. 

Recovery data of added tetrahydrocortisone monoglucosiduronidate 
(0.70-10.0 ftg.) to 10 ml. of plasma ranged from 80-105% of the added 
material. On the other hand, recovery experiments using mineral acid 
(pH 1) for hydrolysis did not lead to significant recoveries and there 
appeared to have been almost complete destruction of the steroid at this 
hydrogen ion concentration. This again clearly illustrates that acid hy- 
drolysis even under relatively mild conditions must be used with great 
care. 

It is not known whether j8-glucuronidase hydrolysis of aqueous homo- 
genates of tissue would h^ad to a more complete extraction of adrenal 
steroids. Troon (1959) has presented evidence that placenta perfusate 
must be subjected to ^-glucuronidase hydrolysis in order to obtain all 
the Portcr-Silber-reacting material. This datum indicates that the adreno- 
cortioosteroids in the placenta and other tissues may exist as glucosidu- 
ronidatc complexes. 

c. Solvolysis. Because of the sensitivity of some steroid sulfates to hot 
mineral acids, milder methods for their hydrolysis have consistently been 
sought. In an extension of the work of Cohen and Oneson (1953), Bur- 
stein and Licberman (1958a, b) described a mild procedure for the split- 
ting of urinary’ 17-ketostcroid sulfates. It involves solvolysis, i.e., cleav- 
age of the sulfate-steroid bond in organic solvents. The nature of the 
solvent dctomiines the rate of solvolysis which decreases with increasing 
polarity of the solvent. As a result of the.se studies Burstcin and Liebcr- 
man (1900) have apirlied their method to the dcteiTuination of andro- 
steroiK* and dehydroisoandrostcrone in plasma with great success. How- 
ev(!i’, these jrrocedures cannot be used for the determination of adreno- 
corti(;osteroids since the process of solvolysis does not cleave steroid 
phosphate or gluco.siduronidatcs. It is conceivable that conditions will be 
found whereby adrenal steroid conjugates can be hydrolyzed by solvolysis. 

Solvents 

a. Kinds of Solvents. Choice of solvents is based on ability to extract 
quantitatively the adrenocorticosteroids from urine, tissue, or blood. The 
use of ethyl ether for extraction is not recommended because of its high 
volatility and explosiveness. In addition unless it is purified and used 
fresh it subjects the extract to the action of peroxides which readily form 
in ethyl ether unless special precautions are taken for its storage. Fur- 
thermore, not all corticosteroids are soluble in this solvent. The last ob- 
jection is overcome by using various mixtures of chloroform-ether (Heard 
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et aL, 1946; Nelson and Samuels, 1952) and alcohol-ether (Corcoran and 
Page, 1948; Butt et al., 1951). 

Chloroform as a solvent has been used extensively as well as ethylene 
dichloride and methylene dichloride. Unless the extraction is carried out 
very carefully, these solvents will usually give rise to emulsions which 
are very stable and difficult to break (Hechter, 1949; Reich et al., 1950). 
These can be avoided to a certain degree by adding fairly large amounts 
of the solvents to the liquid extracted in a ratio of about 2:1 or 3:1. 
Methylene dichloride is the choice solvent in the group of the chlorinated 
hydrocarbons because it remains stable, once it is ^equately purified, 
for several months at room temperature (Peterson et al., 1957). Ethylene 
dichloride and chloroform will remain in a usable state for only a few 
days. 

Ethyl acetate has been shown to have excellent solvent properties 
toward corticosteroids. Meyer (1953) after testing several solvents for the 
extraction of steroids in blood found this solvent very satisfactory from 
this viewpoint; in addition, it extracted half the amount of extraneous 
nonsteroidal material in the form of pigment, etc., as compared to chloro- 
form or chloroform-other mixtures; and, it is less i)rone to form emulsions 
with urine (Burstein and Dorfraan, 1954, 1955; Burstein et nl., 19|^5; 
P6ron and Dorfman, 1956). Furthermore, Burstein (1956) showed that 
the C 2 iOb and CziOe steroids had significantly greater partition coeffi- 
cients in ethyl acetate-aqueous systems than in corresponding chloroform 
systems. This was also found to be true by Petcr.son et al. (1957). Roma- 
noff et al. (1957) showed that the efficiency in extracting Porter-Silber- 
reacting material increased progressively as follows: ether-chloroform 
1:3, methylene dichloride, isopropyl acetate, ethyl acetate. The ethyl 
acetate and the isopropyl acetate had the further advantage of extract- 
ing less urinary pigments which resulted in lower blank values when 
colorimetric methods of assay were used. The authors have also been 
able to obtain consistently the highly polar compound ;8-cortolone from 
urine (Romanoff et al., 1959) by using ethyl acetate thereby confirming 
the findings of Burstein (1956) that CaiOn steroids are easily extracted 
with ethyl acetate. In certain instances, ethyl acetate cannot be used 
since it is miscible with the reagents used in some assay methods. In 
those cases methylene dichloride is used as a substitute since it has ex- 
cellent solvent properties (Peterson et al., 1957). 

Thus far, the solvents discussed are ones used for the extraction of 
free steroids and those liberated in their solvent-soluble form following 
jS-glucuronidase hydrolysis. Dioxane has been used for the extraction of 
estrogen sulfates (Grant and Beall, 1950) and 17-ketosteroid sulfates 
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(Cohen and Oneson, 1953) whereas butanol has been used to extract 
adrenocorticosteroid conjugates from urine and blood (lleddy et al, 1952, 
1956; Forsham, 1954; Reddy, 1954; Wolfson, 1954; Schneider and Lew- 
bart, 1956, 1959). Reddy (1954) and Reddy ct al. (1956) have described 
a procedure whereby the free and conjugated corticosteroids are extracted 
from urine and plasma with butanol. However, high blank values occur 
with this extraction procedure. In the analysis of some urine extracts the 
actual color due to the measured ITa-hydroxycorticostcroids represented 
only a small percentage of the total. Therefore, the applicability of such 
a method would be questionable when small concentrations of steroids 
are to be measured. These authors adjust the urine or plasma to pH 1 
prior to extraction, whereas Forsham (1954) has recommended bringing 
urine to a pH of 2.5 to decrease the extraction of nonspecific material and 
to obtain low blanks. A higher j)H (3.5) resulted in loss or noncxtracta- 
bility of Porter-Silber material. Butanol extraction of small samples of 
plasma (after precipitating the proteins with zinc sulfate) to which had 
been added 5-20 fig. of free adrenal steroids led to recoveries which 
ranged from 94 to 110% (Reddy et al, 1956) . The recovery was 92-1 
when 4-36 fig. of the conjugated derivative was added. 

The i)roccdure one selecLs for extracting steroids either as free or con- 
jugated forms for analytical purposes is purely a matter of choice and of 
understanding the limitations and problems involved. The free forms are 
more desirable than the conjug.atcd since, as was mentioned earlier, pres- 
ent methods for separation of adrenal steroid conjugates have not been 
adequately dcvelof)ed for quantitative .studie.s (Schneider and Lewbart, 
1956, 1959). 

There is ample evidence \\hich .-^hows that blood adrenocorticosteroids 
are “bound” in some fashion to plasma proteins (Szego and Roberts, 1953; 
Rik-Nes et al, 1954a, b; Daughaday, 1955, 1957). Fortuitously this com- 
plex is a w’cak one and does not present a ju’ohlem in the e.xtraction of 
ndrenocortico.steroids since it can be broken b}'^ the simple process of 
osraolysis (Savard, 1957) and is ea.sily dis.sociable at room temperature 
with organic solvents (Folch-Pi, 1953). In addition, solvents which cause 
denaturation (ethanol, acetone) or those W'hich are mild (ethyl acetate) 
can extract adrenal corticosteroids from blood or blood jdasma equally 
well (Bush, 1957) . 

Extraction of corticosteroids from tissue.? for purposes of chemical 
assay has not been a common ])racticc because very few of these methods 
are sufficiently specific or sensitive to make detection possible at the 
concentrations found in tissues. Ethanol (33%) has been found satisfac- 
tory to extract corticosterone from rat and mice adrenals (Silber et al, 
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1058; F4ron and Dorfman, 1958; Halberg et al, 1959; Moncloa et al, 
1959). The ethanol serves a dual purpose, it precipitates most proteins 
and extracts the corticosterone. The latter is then easily extracted from 
the aqueous ethanol with methylene dichloride. 

In other studies, Nehcr (1958) first homogenized human adrenal 
glands in saline and followed this by the precipitation of the proteins 
with 10-20 volumes of acetone. After removal of the residue and acetone, 
the aqueous solution is extracted with chloroform. This method is similar 
to the cold acetone method procedure used by Szego (1957) for the extrac- 
tion of blood plasma. 

b. Emulsions. The advances in technique and the greatly increased 
sensitivity of the existing chemical assay methods for measuring cortico- 
steroid in urine, tissue, or blood have made the problem of emulsions a 
secondary one. Usually the size or the volume of the samples one is deal- 
ing with are such that if emulsions form at any of the extraction or wash- 
ing stages, they can be broken easily by direct centrifugation in the 
extracting flask or tube. On the other hand, when large volumes of urine, 
plasma, or tissue (as a homogenate) are extracted in ord(;r to isolate and 
quantitate individual steroid.s the emulsion j)roblcm becomes more diffi- 
cult to handle. ^ 

To circumvent the i)roblem of cmidsions in blood, some trial methods 
were based on adsorption procedures with chtircoal (Levy el al, 1953), 
dialysis against aqueous mc*lia (Hcchter,j, 1949) , with a continuous coun- 
tercurrent dialyzer (Nelson and Samuels, 1952), and dialysis against a 
two-phase methanol-chloroform system (Zaffaroni, 1953). However, be- 
cause of poor recoveries, artifact formation, lengthy periods for equi- 
libration, and large volutucs of dialyzate to be re-extracted these methods 
are not apidicable to routine use. To break emulsions, Mason (1954) has 
suggested drawing off the emulsion and adding to it the subsequent 3 to 
4 extracts. By the lime the fourth extraction has been added, the emul- 
sion usually breaks. This procedure is ocpii valent to adding large amounts 
of solvents to the original aqueous medium which is being extracted. 

Bradosol (/3-phenoxyethyldimethyldodecylammonium bromide, 5^ so- 
lution, Ciba Laboratories Ltd.) inhibits emulsion formation at a concen- 
tration of 1 ml. per liter of urine. It has been successfully used by Layne 
and Marrian (1958) in the isolation of 16«-hydroxy estrogens from urine. 
However, its use is contraindicated when some of the chemical assays are 
applied to relatively crude urine extracts. Romanoff (1957) has found a 
two- to threefold increase in the optical density (410 m/tt) of blanks 
(Porter-Silber) compared to those when Bradosol was absent from ex- 
tracted urine. In addition these blanks were purple and highly pigmented. 
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A similar effect was found when the assays were carried out with a blue 
tetrazolium reaction. In this case, the blanks were 40% higher than those 
run in the usual manner. 

Ethyl acetate can be used for large e.xtractions with advantage. Not 
only has it a high partition coefficient compared with other solvents (see 
Section II, C, 2, a), but it does not cause emulsions (Bush, 1952, 1953; 
Simpson et al., 1952; Meyer, 1953; Burstein and Dorfman, 1964; Haynes 
et al, 1954; Peron and Dorfman, 1956; Romanoff et al, 1957). In addi- 
tion, it is a solvent which is not too volatile, is easily obtained, and is 
reasonable in cost. The extraction of blood corticosteroids may be carried 
out directly with ethyl acetate (Meyer, 1953) or by first precipitating 
the proteins with ethanol and then re-extracting the aqueous phase after 
removal of the ethanol with dichloromethane according to the method 
of Bongiovanni and Ebei lein ( 1955) . In this manner, the proteins which 
give rise to tlm troublesome emulsions have been removed. Tissues after 
homogenization in water may bo cxtracteil similarly with advantage. 

c. Hand Extraction versus Conlimtoiis Extraction. Hand extraction 
has been by fur the most ])opular metluxl of extracting urine because it 
is simple and inexpensive, r.suully 4 to 5 extractions by hand with a 
solvent (50-100% by volume') having a high degree of extractability 
(ethyl acetate, isopropyl acetate, or nuithyleno dichloride) is sufficient to 
yield quantitative recoveries. The |)roblcnis encountert'd with a continu- 
ous extractor are many, one of the most serious being that it does not 
guarantee an emulsion-free extract. The.se form, in spite of a gravity or 
lighter-than-W'ater feed of soh’ent. Secondly, the soKamt will extract any 
acids which are found in the urine and deliver these to the boiling flask. 
There they are concentrated and even ill the tow boiling temperature 
can possibly lead to some adrenocorticosteroid destruction. A continuous 
extractor which operates without distillation of the extiiicting solvent has 
been described by Cohen (1950) which overcomes sonn; of the failings 
outlined above. On the other hand, Appleby and Noiyinberski (1955) did 
not find a cascade extriictor (Kies and Davies, 1951) satisfactory for the 
complete extraction of urinary 21 -deoxy corticosteroids. Unless there are 
very large volumes or a large number of .samples of urine to be extracted 
there is no apparent advantage in using a continuous extractor in favor 
of the time-proven, hand-extraction method. 

3. Purification of Extracts 

Once the problems of hydrolysis and extraction have been solved one 
should be in a position to assay the extract by the various chemical assay 
methods available. Howci’cr, in order to obtain values which can be in- 



212 


FBBNAND G. PERON 


telligently interpreted, these crude extracts must be purified further to 
eliminate as much interfering material as possible. 

o. Sodium Hydroxide. One feature common to most extraction proce- 
dures for adrenocorticosteroids, regardless of the solvent used, is the 
alkali wash (usually 0.1 N NaOH) given the extract prior to further puri- 
fication. This step removes most of the acids, estrogens, and much pig- 
mented material which can interfere in the chemical assays of adreno- 
corticosteroids. It must be carried out quickly with a volume of the alkali 
which is small relative to that of the extract and preferably ice cold. If 
carried out in this manner, very little loss in corticosteroids is sustained 
in spite of the evidence that there can be destruction of small amounts of 
adrenal steroids (Venuing, 1954). This minor lo.ss of steroid does not war- 
rant omitting the alkali washing step for purification purposes. Of more 
importance, however, is an awareness of the f.act that losses of certain 
specific steroids, exemplified Ijy /J-cortolone, can occur into the “phenolic’’ 
fractions of urinaiy extracts (Fukushinia ct ah, 1955). Recently Roma- 
noff et al. (1959) showed that 0.1 N sodium hydroxide does indeed extract 
jS-cortolone and that as much as 22% of the latter was found in the alkali 
washes of ethyl acetate extracts of urine. Wliereas 98-108% of tetra- 
hydrocortisol and cortisone added to urine was n'covered in alkali-wasbed 
ethyl acetate extracts of the urine (Romanoff cl ah, 1957) only 80% of 
)S-cortol()ne was recovered in (he combined elliyl acetate extracts of the 
urine, the wash water, and tlie alkali w^sIk's. 'I'his indicates that possibly 
some destruction of /'i-cortolone occurred. It is probable that tlie site of 
this destruction is in (he alkali wash pi’ior to acidification and re-extrac- 
tion with ethyl acetate. It is not known at present whether other steroids 
are c.xtractt“d from ethyl acetate with 0.1 A' sodium hydroxide. 

b. Simple Liquid Partilioning. Other i)i‘ocedures in combination with 
the alkali wash will sometimes help to partially remove impuritie.s. These 
involve the judiciotis use of Avashes and extructioTi solvents (Silber and 
Porter, 1957) whicli can be used in conditions like bilirubinuria or when 
urine is colored A\’ith metabolic products of certain foods or drugs. In such 
cases, Gornall and MacDonald (1953) have found tliat a bcnzene-w'ater 
partition results in more accurate values. This relatiAcly simple procedure 
which is based on a method reported by Talbot et al. (1945) has led to 
very poor recoA'cries of pure cortico.«terot»o and 11-dehydrocorticosterone. 
For this reason it is not recommended for quantitatiA'o work AA'hcn the 
presence of relatively large amounts of the.so substances are anticipated. 
HoweA'cr, it can be used when small anumnts of cortisol or other highly 
hydroxylated sfijroids are to be extracted (Zimmermann, 1955) . Eik-Ncs 
(1957) used a benzene-water partitioning of chloroform extracts of blood 
which when subsequently chromatographed on a Florisil coUimn gave 
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good maxima at 410 mjn with the Portcr-Silber reagent. In addition, he 
showed that when 0.10-1.6 /xg. of cortisol were added to blood plasma and 
subjected to partition and chromatographic iirocedurcs 94-100% recov- 
eries were obtained wdth very good reproducibility. 

Another very common and i)opulur method which is especially ap- 
plicable to fatty extracts obtained from blood plasma or tissues is based 
on the fact that aqueous solutions of adrenal steroids can be easily and 
•safely partitioned again, st petroleum ether (ligroin). The extract is dis- 
solved in 70% ethanol or methanol and then partitioned with petroleum 
ether. Most lipids will dissolve in the i>etroleum ether resulting in an 
almost fat-free a<iueou,s ethanolic. pliasc. The ethanol is evaporated and 
the aqueous residue is reconstituted with water to the original volume. 
The aqueous phase is extracted with a suitable sohaait and washed with 
alkali. This iirocedurc yields in many insl.-mces an ('xtract which is sulTi- 
ciently jiurified for the direct ajiplication of chemical assays. 

Blood plasma or tissue fas a homogenate) also may be extracted di- 
rectly with petroleum ether followed by extraction with a suitable sol- 
vent which loads to a ‘‘fat-free” extract. Instead of the ligroin partition, 
carbon tetrachloride has been u.sed with similar results (Silber and Busch, 
1956; Morris and Williams, 1958). The decision to use carbon tetra- 
chloiide or ligroin dei>en<ls on the volume of the sanqde to bo extracted 
and whetlnu’ it is more convenient to have a solvent which is heavier or 
lighter than the samidc. But, carbon tetrachloride like' methylene dichlo- 
ridc has a tendency to form stable emulsions whi» h can be broken only 
with difficulty. However, as has been mentioned above, this offers no real 
jiroblera in the usual microehemical a.ssays since enndsions can be broken 
by centrifugation. 

c. Cohivtv Chromatography. Further purification of extracts can be 
the subject of relatively simide columii adsorption or jiartition chroma- 
tography, rather than paiier chromatography which is usually used for 
the separation of a multicomponent steroid mixtun; in a purified extract. 
In these instani'es the columns are used to eliminate nonsteroidal material 
which interferes but does not appreciably rc.solvc the steroids in the mix- 
ture. Usually the conditions are established so that the nonsteroidal ma- 
terial is eluted first and the adrenal steroids eluted in sub.sequcnt frac- 
tions. Some of the adsorbents used to prepare such columns are excellent 
in spite of the fact that they lack resolving power. Silica gel (silicon 
dioxide) and Florisil (magnesium silicate) are examples of two commonly 
used adsorbents whereas Celitc (diatomaceous silica products) has been 
used more often for preparing partition columns w’ith high resolving prop- 
erties. 

No special precautions need be taken in preparing the silica gel col- 
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umns and the material may be used as obtained from the mamifacturer 
(Levy et al., 1953). It can be activated by mixing in small volumes of 
water which results in an increase in its resolving power. Sweat and Far- 
rell (1952) have successfully measured plasma corticosteroids fluoromet- 
rically by purifying the plasma extracts by micro silica gel chromatog- 
raphy. Recoveries of standard cortisol and corticosterone on such columns 
were found to be 93-99% and 90-101%, respectively. 

Romanoff et al. (1953; Romanoff and Wolf, 1964) have applied silica 
gel chromatography to extracts of large volumes of human iirinc in their 
extensive investigations. The residues obtained from methylene dichlo- 
ride extracts of urine were placed on columns from which the steroids 
were eluted and separated into three major steroid fractions. The first 
and least polar-eluting solvent (benzene and benzene-ether 2:1) removes 
most of the pigments, waxes, and fats. The two fractions removed approx- 
imately 70% of the weight of the original extract which is almost all 
nonsteroidal material. This makes possible the assay of the subsequent 
fractions which would have been difficult prior to chromatography. This 
method w’as also used by Peron and Dorfman (1956) as a i)re)iininaiy 
purification step ])rior to the separation of adrcuocorticosteroids and 17- 
ketosteroids in ethyl acetate extracts of guinea pig urine. 

Florisil columns, which were introduced by Nelson and Samuels, 
(1952) have had more oxtensi^'e use for routine chemical assays on small 
volumes of urine and blood. AVith this technique. 17-ketostcroids can be 
separated from corticosteroids. The method has been shown to have a 
high degree of rei)roducibility, and recoveries of cortisol from urine after 
;8-glucuronidase were 92-96% (Glenn and Nelson, 1953). 

Recovery values of cortisol (1-4 fig.) added to 30.0 ml. of blood were 
more variable (80-112%). Therefore, it is advisable to obtain recovery 
values w'hen using the Florisil column for purposes of purification of blood 
plasma extracts (Nelson and Samuels, 1952). Bush and Sandberg (1953) 
and Migeon et al. (1956b) found that values obtained from plasma ex- 
tracts purified on Florisil columns were correlated with those obtained 
after paper chromatography. Unlike silica gel, certain precautionary 
measures must be taken for the successful use of Florisil (Eik-Nes et al., 
1953) . It has to be washed carefully beforehand with absolute ethanol, 
dried, and then activated at 600°C. in a muffle furnace. The Florisil so 
prepared must be kept stored in a desiccator especially when the hu- 
midity is high. Occasionally, the use of Florisil columns has resulted in 
high blanks due to residues eluted from the Florisil itself. This leads to 
considerable variation in results and for this reason it is advisable to 
discard the Florisil and use another lot preparation. 
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III. Methods »»f Assay 
A. (.Jenekal 

In the previous section, considerable space has been devoted to what 
may be called the foundation upon which the chemical assays are built. 
Unless accurate and sufficiently simple njethods for purifying extracts of 
urine, tissue, or blood are available and ai)plicable to routine work, little 
can be gained by developing new superstructures in the form of new 
and more sensitive chemical assays. Once clean extracts are obtained by 
procedures similar to those outlined above, they can be either assayed 
directiy or if an analysis of the individual steroid component is desired 
the extracts can be resolved further by jiupi'r chromatographic tech- 
niques. 

Th(i chemical reagents ustially used in the ch(!mical assays react with 
adrenocorticosteroids by virtue of reactive groui)ing(s) on the steroid 
nucleus. The resulting reactions can give rise to the formation of colored 
complexes, the liberation of volatile i)rodiicts, the formation by trans- 
formation of new st(;roid i)roducts, and the formation of fluorescent sub- 
stances (Fig. 1 ) . 'I’hese cun all be measured with nhitive simplicity and 
accuracy with the methods which arc i)re.sently available. 

Group 1 depends on the reducing proi)erties ot the «-ketolic side chain 
which will give rise to colored complexes after tlio addition of certain 
reagents. '^J'he reagt'iit used most commonly in this type of reaction is 
blue tetrazolium tBT, 3,3'-di:tnisule bis |4,4'-(3/)-diphcnyI)tetrazolium 
chloride] which forms a decji-blue-colored comj>lex. Grouj) 2 depicts the 
ability of periodate to oxidize and cleave the side chain of certain 
adrenal steroids. The products of the reaction, 17-ket asteroids, formalde- 
hyde, or acetaldehyde are measured by standard Zimincnnann (see Chap- 
ter 2) and chromotroiaic acid reagents, resp(!ctively. Sodium bismuthatc 
is used in group 3 instead of periodate, the bisnmthate oxidizing the side 
chain of certain ITre-hydroxy-Cai steroids to 17-ketosteroids. 

The reaction given by group 4 with a mixture of phony Ihydrazine sul- 
furic acid forms the basis of a method for measuring 17a-hydroxy, 20- 
koto, 21 -hydroxy steroids specifically. Their moasurenient depend on the 
formation of a colored 3,20- or 3,21-bisphenylhydrazone (Silber and 
Porter, 1957) which has a maximum absorption in the 410-in/x region of 
the spectrum. 

In other methods certain adrenal steroids will react rather specifically 
with sulfuric or phosphoric acid to give rise to fluorescent light when 
activated by monochromatic light between 200 to 800 m/;,. 



Ring!) side chain of „ . , Product which ta measured 

steroids measured Reagent used Product of reaction colonmetncally 



OHCS, total 17-hydroxycorticosteroi(is. 



— CHa Periodic acid Ring D acid? + acetaldehyde Acetaldehyde 

or &) 
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CH 2 OH Phenylhydrazine 3,20- or 3,21-Bisphenylhydra- Hydrazone 

hydrochloride zone 
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Radioisotopic methods have also been utilized in conjunction with 
paper chromatography to determine levels of certain adrenal steroids in 
urine and tissue. Although the actual method of assessing the radioactiv- 
ity is a physical rather than a chemical one, nevertheless quantitation of 
the steroids eluted from the chromatograms is ascertained by chemical 
assay. 

In studies concerned with adrenal function, the corticosteroids and 
their metabolites possessing the C-20,21-a-ketolic side chain arc the ster- 
oids most commonly measured by chemical assays. This is nob surprising 
since they account for approximately 50% of those' elaborated by the 
adrenal gland. However, as was mentioned earlier, methods for the meas- 
urement of 21-dooxy steroids specifically should be available in order to 
enable a diagnostic differentiation of several conditions causing adrenal 
hyperpla.sia. 

The chemical methods which will be described below are representa- 
tive of the reactions discussed above. Before each outline of the chemical 
procedures which arc given at the end of each section in chemical meth- 
ods, their applicability to urine, blood, or tissue extracts is discussed 
from the time of their inception up to the present day. Thus, the requi- 
sites for understanding a particular chemical assay will have been dis- 
cussed and outlined. 


B. Chemical Methods 


1. Blue Tetrazolium 

Since many nonsteroidal a,jS-UDsaturatcd ketones jircsent in urine ex- 
tracts were found to cause reduction of phosiihomolybdic acid (Heard 
and Sobcl, 1946) , methods were devised which depended on the reducing 
properties of the C-20,21-a-ketolic side chain of adrcnocorticosteroids. 
Highly variable results were also obtained because the reducing powers 
and rates of reduction of some steroids varied greatly with the phospho- 
niolybdic acid reagent. 

In a procedure using the blue tet razolium salt which is reduced to the 
blue fonnazan by a-ketols (20-keto,21 -hydroxy) Chen and Tewell (1951) 
develoi>ed a workable procedure which neci'ssitated the preparation of a 
blank especially when colored urinary extracts w'ere analyzed. In the 
following year, Henly (1952) ju'oposed using the sliglitly less intense red 
color obtained by neutralization of the blue color produced by 
iodophenyl)-3-(p-nitroi)henyl)-5-phenyltetrazolium chloride instead of 
the blue tetrazolium utilized by the afore-mentioned w'orkers. The method 
was reported to be more sensitive than the BT reaction. However, be- 
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cause the former compound is unavailable, it has had no application in 
the determination of adrenal steroids in biological fluids. 

Madcr and Buck (1952) in developing a procedure for the control 
assay of adrenal steroids carried out their reaction in tetraraethyl- 
ammonium hydroxide instead of sodium hydroxide (Chen and Tewell, 
1951). Their method was specific for steroids having a reducing a-ketolic 
side chain. However, after 35 minutes when all the steroids tested had 
reached their maximum color cortisone acetate and 11-dcoxy cortisol ace- 
tate produced less color than three a-ketolic steroids without the 17- 
hydroxy group. It appeared, therefore, that the presence of a 17a-hydroxy 
group in adrenal steroids affected the rate of color development by BT. 
Two sensitive methods capable of measuring 6 /ig. of reducing steroid 
by BT were presented by Chen et al. (1953). In one, sodium hydroxide 
was used as the alkaline reagent, and choline in the other. Both methods 
showed good agreement when applied to chloroform extracts of human 
urine (equivalent to 20 ml. of urine) . Although a,/3-unsaturated S-ketones 
react with the BT reagent, they are unlikely to interfere especially at 
the concentrations found in biological fluids and tissue. Other substances 
which react to a considerable degree with the BT reagent such as catechol 
amines and 5-hydroxyindolcs (Rosenkrantz, 1959) vrould remain in the 
aqueous phase because of their high solubility in water. 

Weichscibaum and Margraf (1955) extensively and carefully in- 
vi-stigatcd total reducing plasma steroids by applying the method of 
Madcr and Buck (1952). They found that plasma extracts purified 
initially by column chromatography were suitable for measuring BT- 
reducing steroid.s. The validity and sensitivity of the methods were 
checked with established methods. 

Ilecknagel and Litteria (1956) found that the BT method suffered 
from lack of reproducibility in the degree of color development; they 
believed this was due to the poor quality of the base (tetramethylam- 
monium hydroxide) used. To obtain more consistent color development, 
they proposed using sodium hydroxide, at a final normality of 3.33 x 10“^ 
1.0 develop the color, at room temperature. Although strict adherence to 
the Beor-Lambert law was maintained, the method suffered as in the 
original methods of Mader and Buck (1952) and Chen et al. (1953), 
in that optical density values significantly varied with the adrenal steroid 
measured. This occurred even at relatively low concentrations. 

Incorporating the failures and successes of the above authors as a 
background for further studies, Izzo et al. (1957) were able to deter- 
mine conditions which minimized the optical density values contributed 
by nonketolic steroids. With their modification equal color is achieved 
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with all ketolic steroids tested without sacrificing tlie sensitivity of the 
method. If this method is used in the determination of a-ketolic steroids 
in the presence of nonketolic steroids, a correction is applied to the 30- 
minute optical density readings in order to obtain a reading which 
is due to the a-kctolic steroid alone. Thus, the increment in optical 
density during the second 30 minutes after initiation of the BT reaction, 
which is due to non-a-ketolic steroids, is subtracted from the optical 
density at 30 minutes. This is justifiable only if all a-ketolic steroids 
have reacted after 30 minutes and if the color contribution made by 
nonketolic steroids is a straight-line function of time' up to 60 minutes. 
However, such a correction would not guarantee that nonsteroidal BT- 
reducing material in a biological ('xtract does not react with the same 
intensity and speed as the known a-ketolic steroids (Rosenkrantz, 1959). 

A modification of the BT method outlined by Elliott ct al. (1954) 
has been used in the author’s lahoratoiy for measuring the production 
of corticosteroids of rat adrenal slices or homogenates incubated in vitro 
(Koritz and Peron, 1958; Peron and Koritz, 1958, 1900). Cortisol and 
corticosterone were the only steroids used as reference standards, but 
they gave nearly the same color intensities with the conditions to bt! 
outlined (see p. 22.3). The method is liigldy sensitive and capablck of 
measuring accurately I /tg. of cortisol or corticosterone and detecting as 
little as 0.4 fig. of these substances. The values obtained for the blanks 
(0.02) and samples (2 fig. — 0.068) are duplicable from day to day. In 
fact, although standards are always included when the chemical assay of 
rat adrenal steroids is carried out, the daily and individual <‘.urves have 
been almost identical over a 4-yeaT jicriod. 

In a study designed to accentuate the difference in reducing junver 
between various steroids IMeyor and Lindberg (1955) reported the con- 
ditions required to obtain maximum specificity of BT toward primary 
o-ketols. They indicated that this oc-curred at a minimum basicity of 
0.0025 N with tctrumcthylammonium hydroxide at a temperature of 
40°C. for 15 minutes. AN'hen the conditions for the reaction are modified 
with respect to time, temperature, and normality of the basc(s) other 
steroids will reduce B'F (IMeyer and Lindberg, 1955; Touchstone and 
IIsu, 1955; Izzo et al., 1957). In addition, the presence of nonsteroidal 
substances, which will also interfere with the specificity of the BT 
methods, are to be .anticipated in biological material. 

Reducing sugars, glycols, (un) saturated fatty acids, and waxes are 
but a few of these substances. However, the water-soluble substances 
are not extracted into the organic solvent and the lipid material can 
be readily removed by any one of the several purification procedures 
discussed above. In spite of these, other BT-reducing products may 
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still remain in the final extract and will reduce the specificity of the 
method and lower its sensitivity. Despite a low specificity in this respect, 
the BT methods have shown their usefulness as routine reactions for 
clinical purposes (Vermeulen, 1957). 

These conclusions are further substantiated by the findings of Izzo 
and Keutmann ( 1957) . They found that the sum of the reducing values 
of all chromatographic fractions obtained by the resolution of a neutral 
purified extract of urine on a paper chromatogram agreed well with the 
total reducing value of the original extract. The a-ketols isolated on the 
paper accounted for 80 to 95% of the total reducing value of the urines 
studied. As a further te.st of the method, it was shown that after the 
administration of cortisol the increase in total BT-rcducing value of the 
urine was accounted for completely by the increase in identifiable re- 
ducing a-ketolic substances isolated on the chromatograms. Therefore, 
in general the total BT-rcducing value of a puiified urine extract may 
be used as an index of adrenocortical activity. ITowovor, caution must 
always be exercised in interpreting re.sults obtained in certain cases, 
for example, in virilizing adrenal hyperpla.sia. Tn such cases, a normal 
BT titer is obtained from neutral extracts of urine which cannot be 
accounted for as steroidal material on paper chromatograms run in 
conventional systems (Eberloin .and Bongiovanui, 195.')'!. Marks et al. 
(1957) have also found a veiy low level of specificity of the BT reaction 
and a lack of correlation with the I’orter-Silbcr reaction. This was 
based on findings obtained wdth chromatogr.aplied (I’lorisil) neutral 
extracts of normal and pathological urines. On the otlu r hand, the recent 
work of Jensen (1959) docs not .substantiate the above* findings since 
values obtained with the Mader-Buek jirociMlnre were f>(|Ufd to tho.se 
obtained with the Porter-Silher method. 

The BT reaction can he used for the quantitative determination of 
an a-ketolic steroid eluted from paper chromatogr.ams. Since; small 
amounts of stationary pha.se fs) and reducing substanre.s leji('lu;d from 
the fiaper chromatograms reduce the BT reagents, paper blanks of the 
.same area from a part of the chromatogram free of any steroid or pig- 
ment, are insiially eluted with the same volume of solvent and tr(*ated 
with BT. Alternatively, a blank paper clirom.atogram may be run at the 
same time in order to elute nonspecific BT-redueing material from 
identical areas as those occupied by the steroids on the other chromato- 
gram.s. The latter procedure is useful when .a large number of individual 
steroids occupy most of the surface area of the chromatogram. How- 
ever, the correction values so obtained fail to make adequate allowance 
for other BT-redueing materials in the form of pigments, fatty acids, 
etc., which may contaminate the steroid zones. Touchstone and Hsu 
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(1955) published a procedure which took advantage of the water-in- 
soluble nature of the reduced BT color product (formazan). In this 
way the papers could be washed free of water-soluble, nonspecific, BT- 
reducing material. The formazan is then eluted quantitatively from the 
chromatogram by a mixture of ethyl acetate and methanol (7:3 v/v) 
and read at a wavelength of 550-560 rcifi. In order to obtain maximum 
precision and accuracy with this method, the amount of a-ketolic BT- 
reducing steroid to be applied on the paper chromatograms must be such 
that no one single chromatographed zone contains less than 20 j^g. or 
more than 75 fig. of steroid per four-cm.^ area of paper. With these con- 
ditions in 20 duplicate determinations, the average duplication from 
the mean was found to bo 6^/o with a 97% average recovery when 
standards were added to urine extracts. 

n. Method of Izzo, Keuitnonn, and Burton (1957) 

Reagents 

1. Blue tetrazolium (BT). Dajac grade with a one-degree melting- 
point range; 0.25% solution in pure ethanol (see reagent 5). 

2. Tetramethylammonnm hydrori.de (TMAII). Ten per cent aqueous 

solution; 1 ml. of aqueous TMAH in 10 ml. of ethanol. ♦ 

5. Acid alcohol. A solution of 1 part concentrated hydrochloric acid 
in 10 parts of ethanol 

4. Steroid sobiiions. Pure steroids dissolved in alcohol. 

5. Ethanol. Redistilled cither from (1) ?/(-i)henylenodiumine dihydro- 
chloride (2 gm./lOO ml.) or (2) sodium hydroxide pellets followed by 
refluxing and rcdistillation in the presence of 2% of reagent in BT or 
acid alcohol. Reflux 1 liter of alcohol in presence of 7 gm. of metallic 
sodium and 27.5 gm. of diethyl phthalate for 1 hour followed by dis- 
tillation. 

Procedure 

1. Accurate aliquots of the standard steroid solutions (or of a puri- 
fied solvent extract of biological material) transferred to gla.«,';-stoppercd 
tubes and brought to dryness under N 2 at 45°C. 

2. Addition of 3.0 ml. of the purified ethanol. The author suggests 
the addition of 3 to 5 drops of methylene dichloride at this step to airl 
in the solution of fatty materials which may remain in extracts of 
biological material. This step is also included in the calibration of the 
standard curve. 

3. Addition of 1.0 ml. of 0.25% BT solution. 

4. Immersion of the tubes in a water bath kept at 25''C. for 20 
minutes. 

6. Addition of 1.0 ml. of the dilute TMAH. 
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6. Addition of 1.0 ml. of acid alcohol after the reaction is completed. 
This stabilizes the color which will not change over a period of hours. 

The reagent blank is prepared by substituting alcohol for the steroid 
solution. A reverse blank is also carried out by adding 1.0 ml. of the 
acid alcohol prior to the addition of 1.0 ml. of the TMAH solution. 
Optical densities are read in a Beckman DU spectrophotometer set at 
a wavelength of 510 m/t. Readings are obtained at other wavelengths 
on either side of the maximum absorption wavelength to ascertain that 
peaking occurs at, or very close to, 510 m/t. All samples may be read 
against alcohol and the proper corrections applied after recording the 
optical densities. Alternatively, as was proposed by the original authors, 
the reagent blanks are read against the reverse reagent blanks and the 
steroid solutions against the reagent blanks. 

h. Method of Elliott, liirniinghain, Srhalln, and f^chdnbaam (19S4) 

ns Modified by the Author 

Reagents 

1. Absolute ethanol. Reagent (luality. 

2. Blue tetrazolium. Material obtained from Dajac Laboratories is 
digested in boiling water and crystallized from a methanol-acetone 
mixture as recommended by Chen ct al. (1953). A minimum volume of 
solvent is used. The purified BT which should be pale j’^ellow in color 
is stored in a brown bottle in the refrigerator. 

S. Standard solutions. Cortisol or corticosterone at a concentration of 
10 fxg. per milliliter in absolute ethanol. 

4. Teiramethylammonium hydroxide (TMAH). A 10% aqueous so- 
lution of TMAH (0.30 ml.) (Ea.stnian Kodak) is diluted to 10 ml. with 
absolute ethanol. This solution is prepared fresh each day. 

5. Methylene dirhloridc. Prepared as outlined by Saffran and Schally 
(1955). Methylene dichloridc is washed with an equal volume of water, 
dried with anhydrous sulfate, and decolorized with charcoal. The solvent 
is kept over sodium or potassium hydroxide pellets for 16 hours and 
then distilled. The fraction boiling at 39°C. is collected. 

6. Blue tetrazolium reagent. A solution of the purified BT is made up 
in ethanol (150 mg.%) at room temperature. If complete solution of the 
material is not obtained the solution is filtered through a fritted glass 
filter. The clear solution is stored in a brown glass-stoppered bottle. 
It keeps indefinitely in the cold. 

Procedure 

1. Steroid standards or methylene dichloridc extracts of the incubation 
media of adrenal sections or homogenates are brought to dryness under 
N 2 at 40°C. in 1.5- X 6-cm. tubes. 
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2. The dry residues are dissolved in 0.20 nil. of absolute ethanol. As 
in the above method 3-5 drojis of methylene dichloride are added if 
there is any visual evidence of a fatty or waxy residue remaining in 
the tubes. Solution of the residue is hastened by immersing the tubes in 
boiling water for 5 seconds, shaking, and then bringing to room tempera- 
ture. If any cloudiness is noticed in the ethanolic phase a few more drops 
of methylene dichloridc are added. Although this solvent doe.s not inter- 
fere in the BT assay the same volume of methylene dichloride is added 
to all tubes including those containing the standards. All tubes are 
brought to room temperatui’c before the following lidditions, 

3. Blue tetrazolium reagent (0.15 nd.) is added and each tube shaken. 

4. Tetramethylammonium hydroxide (0.15 ml.) as in stop 3 above is 
added and each tube shaken. 

5. The tubes are stoppered and incubated in a w:iter bath at 30°C. 
for 20 minutes. 

6. Finally, 2.5 ml. of absolute ethanol are added and each tube 
shaken. 

The samples arc read in a Beckman DU speclrophotonu'tci’ at :i 
wavelength setting of 510 ni/i. Readings an; recorded after subtracting 
values obtained from blanks carried through the same pro(;edm’o. •The 
color developed is stable for a few hours and very little change occurs 
in the oi)tical densities in 1 hour. It has been a matter of nuitine in 
our laboratoiy to read all samples within 30 minutes. A total of 32 
individual determinations may be cairied out with ease and accuracy 
by one operator within a 2-hour period. As was mentioned previously, 
the sensitivity of the method is .such that 0.4 /tg. of cortisol or corti- 
costerone can be measured. Strict adherence to Beer-Lambert’s law is 
maintained over a concentration range of 0.50 to 15.0 /-ig. 

2. Periodate Oxidation 

Periodic acid oxidations of the side chain of Cai steroids has been 
used for quite some time for their characterization and dift’erentiation. 
The observations of Fieser et al. (1944) and Talbot and Eitingon (1944) 
that certain adrenal C 21 steroids gave rise to 17-ketosteroids when treated 
with an excess of periodic acid was made the basis of a procedure for 
their quantitation in urine extracts (Talbot and Eitingon, 1944). Thus, 
an analysis of the 17-kctostcroid content of aliquots of the extracts prior 
to and after periodic acid oxidation should have provided a measure 
of the adrenal steroids excreted. Unfortunately, periodic acid will give rise 
to 17-ketosteroids only with those steroids which have a glycol or 
17a,20-dihydroxy-21-methyl type of side chain (group 2, d and f. Fig. 1) . 
Since these represent only a small percentage of the total amount of 
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urinaiy steroids known to be derived from the adrenal, this method is 
limited in its applicability for quantitating adrenal steroids. 

On the other hand, it has been used with success by llomunoff et al. 
(1959) for the determination of cortolones eluted from paper chromato- 
grams obtained from urinary extracts of young and elderly subjects. 
The method was found to be specific, accurate, and sensitive. In deter- 
minations of 10 to 30 /ig. of )3-cortolone by periodic acid oxidation and 
subsequent Zimmermann determinations, they found, after correcting the 
values in terms of 11-ketoetiocholanolone equivalents, an average re- 
covery of 99% of the expected 11-ketoetiocholanolone. Recoveries from 
paper chromatograms were 90% or better at the 50-/ag. level. 

The above authors have also used the i)eriodic acid oxidation re- 
action for the detection of 17,20,21 -trihydroxy steroids directly on paper 
chromatograms by the method proposed by E. B. RomanofT and Hunt 
(1955). The reaction when carried out under aqueous alkaline conditions 
is specific for 17,20,21-triols whereas when alcoholic acidic; conditions are 
irsed (Bush, 1955) 17,20-diols also react to a certain extemt. However, 
the acid reagents render the test more sensitive (1-2 versus 5-50 /xg. for 
the alkaline conditions). Both methods require the treatment of control 
chromatograms with the reagents since some nonsteroidal substances also 
react to give colored products with the Zimmermann reagent. The con- 
trol strips also ser\-e to differentiate the colors producc'd by 3-keto and 
A^-3-ketosteroid.s from 17-ketosteroids (E. B. Romanoff and Hunt, 1955). 

The formaldehyde which is liberated as a result of cleavage of the 
side chain of C-20,21 ketols by periodic acid (groiq) 2, a, b, and c, Fig. 1) 
is the basis of another method. The formaldehyde.' cati be measured by 
the formation of a colored proxluct upon the addition of chroraotropic 
acid directly to the reaction mixture (Lowenstein ci al., 1946). To over- 
come the very high blanks which were obtainerl, Oorcoran and Page 
(1948) modified this method by distilling the formaldehyde prior to its 
reaction with the chromotropic acid reagent. The formaldehydogenic 
steroid values obtained by this method were somewhat lower than those 
reported by Daughaday et al. (1948) yet slightly higher than those of 
Romanoff et al. (1949). Although the latter two groups of investigators 
had distilled the formaldehyde into a bisulfite solution, the blank values 
wore still very high. Such high values have been attributed to the 
presence of nonspecific chroinogens in the urine extracts which distilled 
over with the formaldehyde. 

In order to eliminate the thermal distillation step, Hollander et al. 
(1951) and Wilson (1953) used Conway cells to obtain an isothermal 
distillation of the formaldehyde. Distillation of the latter occurred di- 
rectly into the chromotropic acid reagent. In spite of these changes. 
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there was no indication that accurate measurements could be obtained 
nor any assurance that the results could be duplicated. Although nearly 
complete recoveries of added formaldehyde to urine extracts were ob- 
tained in 11 hours of thermal diffusion, Hollander et al. (1951) found 
the recoveries of cortisone and cortisol to be variable. Addition of these 
substances to ketonic, nonketonic, benzene, and benzene-soluble fractions 
also led to variable recoveries. 

In an extensive investigation concerning these problems, Paterson 
and Marrian (1963) and Marrian (1954) demonsj^rated that the poor 
steroid recoveries were not due to any inhibition of the periodate oxida- 
tion reaction. Rather, inhibition was found to be at the point of fonnalde- 
hyde recovery, and this was probably due to substances which reacted 
with and retained the formaldehyde during the oxidation. These find- 
ings were substantiated by Wilson (1954) and their validity strengthened 
by the fact that different formaldehydogenic values were obtained by 
extracting different volumes of the same urine (Mason, 1954) . 

In an attempt to solve some of these problems, Wilson (1953) and 
Venning (1954) proposed the use of ethyl ether to extract the inhibit- 
ing substances following the oxidation of the steroids with periodic acid. 
In spite of the obvious drawbacks of the above method of Hollsmder 
et al. (1951), Engel et al. (1955) have used it successfully. They analyzed 
the distribution of formaldehydogenic lipids in the ketonic fraction of 
a methylene dichloride extract of urine obtained from a rheumatoid 
arthritic patient who had received 300 mg. of cortisone. However, if 
the periodate methods are used and results comparable with other 
methods arc expected as were obtained by Romanoff et al, (1949) and 
Wheeler et al. (1953) an almost absolute purification of the organic 
solvent extracts is necessary. In many cases where values for fonnal- 
dehydogonic steroids have been reported, this step has not been carried 
out with any great degree of care. There has been little progress in this 
direction since Borth (1956) wrote “formaldehydogenic corticosteroids 
should perhaps be left, for the time being, in the care of the methologists 
who are trying to clear up the problems of formaldehyde retention by 
non-steroidal chromogens.” 

To obtain a measure of Csi steroid triols and diols in urines, Cox 
(1952) also used periodic acid to oxidize urine extracts. These steroids 
(Fig, 1, group 2, e and f) when oxidized with the acid give rise to acetalde- 
hyde instead of formaldehyde. However, the same i)roblems encountered 
with the formaldehydogenic method appeared to apply to the acetalde- 
hydogenic method, since measurements of the acetaldehyde had to be 
rigorously standardized. There appeared irregular recoveries of pregnane- 
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3a,17a,20(a or ^)-triol when this material was added to unwashed chloro- 
form extracts of urine. 

With a modification of this method, Cox (1959) has been able to 
apply it to the determination of the known acetaldehydogenic steroids 
on paper chromatograms and in urine extracts. The method appears to 
have the necessary attributes of simplicity, sensitivity, and specificity. 
What is most striking is the absence of interference from chroraogenic 
substances present in urine extracts. This may be due to the fact that 
the acetaldehyde is “distilled” with a current of air rather than with 
displacement by heat. Recovery experiments of small amounts of preg- 
nanetriol, pregnanetriolone, and pregnanetetrol from 25 ml. of urine 
ranged from 90 to 99%. The specificity of the method has been checked 
by the mobilities of the known acetaldch 5 ’’dogenic steroids on paper 
chromatograms and by their characteri.«tic fluorescence with phosphoric 
acid. In this light, the chemical assay of (}uantilies of 5y8-pregnanc- 
3a,17«,20£y-triol and 5;3-pregnane-3a,ll)tf,17«,20a-tctrol which are ex- 
creted in the urine of patients with adrenocortical hy])crphisia, adrenal 
tumor, or virilizing adrenal hyperplasia (Butler and Marrian, 1937; 
Licberman and Dobriner, 1945; Mason iind Kci)ler, 1945; Finkelstcin 
et al., 1953; Cox and Finkelstcin, 1957; I'ukushima atid Clallaghci, 1957b) 
should prove to be simple as well as accurate. 

a. Periodic Acid Reaction of Talbot and EitvigUm {lO^-'i) 

Reagents 

1. Methanol absolute. C.P. 

S. Periodic acid. Analytical reagent. Reaction reagent: 14.0 gm. of 
periodic acid dissolved in 100 ml. of 50% a(|ueous methanol. 

S. Ethyl ether. Reagent grade jjurif!>'d by tlistillation from sulfuric 
acid after washing with a 5% solution 'f ferrous sulfate. 

4. Sodium hydroxide. Analytical reagent ; 1 N aqueous solution. 

5. Sulfuric acid. Analytical reagent. 

6. Sodium hydrosulfite. C.P. reagent; 10 gm. in 100 ml. of 1 N aqueous 
NaOH. 

Preparation of the Urine Extract 

Standard procedures may be used to hydrolyze the urine with ;8-glu- 
curonidase, i.e., adjusting the urine to a pH of 4 to G with acetic acid 
and buffering with acetate buffer at the same pll. After a 24- to 48-hour 
hydrolysis period at 37°C. the urine is extracted with ethyl acetate and 
washed with 1 N sodium hydroxide and then w^ater until neutral. The 
dry extract is separated into a ketonic and nonketonic fraction with the 
aid of Girard’s reagent T (Girard and Sandulesco, 1936), the oxidation 
being carried out on the nonketonic fraction. 
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Procedure 

1. The nonketonic fraction (5.0 nis-) is cli-ssolvcd in 2.7 ml. of 
methanol. 

2. Then 0.1 ml. is removed for 17-ketosteroid analysis (see C'hapter 2) . 

3. The freshly prepared periodic acid reaction reagent (0.5 ml.) is 
added followed by 0.4 mk of concentrated sulfuric acid. 

4. After standing for 1 hour at 20°-25'^C. the solution is extracted 
with ethyl ether and the ether extract is washed with a 0.10 volume 
sodium hydrosulfite reagent for 2 minutes. 

6. After washing the ethyl ether extract further with 0.10 volume of 
1 iV sodium hydroxide and then with w’ater until neutral it is evai)orated to 
dryness under reduced pressure. 

6. The residue is dissolved in a solvent an«l aliquots can he taken for 
the colorimetric assay. 

The 17-ketosteroid content of tlie residues jnior to (sec stt']) 2 al)ove) 
and after periodic acid oxidation is determined by the ZinmK'rmann re- 
action (sec Chapter 2). All values should he corrected hy a correction 
equation (Talbot ct nl., 1942; Allen, 1950). The value.s obtained after 
subtracting those for 17-ketosteroids (si'c stej) 2) from extracts which 
have been treated with periodic acid are e(iual to the 17-kel().'<t/#'roid 
content present in the nonketonic fraction. 

The apidication of this method to eluaU's of ]»ai)er chromatograms 
for the analysis of 17,20,21 -trihydroxy.-Steroid glycerols (Romanoff et al., 
1959) is carried out by scaling down the volume of all reagents tised for 
the oxidation procedure. No preliminaTy Girard separation neetl he car- 
ried out. Thoroughly w’ashed Whatman paper No. 540 is n.^^ed for the 
chromatograms which are run in the benzenc-formaraide system of 
Burton cl al. (1951). Because of the relative purity of the steroids and 
the noninterference of other materials which are eluted from the chro- 
matograms (Zimmermann), blanks carried out on eluates not treated 
with periodic acid give the same values as those obtained from the 
reagents alone. However, as in the above, a color correction is applied 
to the Zimmermann values. 

A point which shoidd always be considered in reporting 17-keto8teroid 
values is the standard used for the calibration of the 17-ketosteroid curve. 
This is especially tnie where the total extract is used for the oxidation 
steps, because ll-deoxy, 11-hydroxy, and ll-keto-17-ketostcroids would 
be measured us a mixture. Since these have different extinction coef- 
ficients and differ from that given by dehydroisoandrosterone, a popular 
standard, the reference standard used must be clearly indicate(l. Thus, 
results may be exi)ressed as 11 -koto or 11-hydroxyetiocholanolone, 11- 
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keto or 11 -hydroxy androsterone, androsterone, etiocholanolone, or de- 
hydroisoandrosterono equivalents. 

It must be noted that the above method does not permit the quantita- 
tion of «,^-unsaturated 3-ketonc-17a,20,21-glycol8 (Burstcin and Dorf- 
man, 1955). These will have been removed in the ketonic fraction of the 
Girard separation. 

b. Acetaldehydogenic Method of Cox {1959) 

Reagents 

1. Ethanol and methanol. Highly purified or refluxed for 8 hours 
with 2^0 (by weight) .sodium hydroxide and distilled twice. 

2. Sulfuric acid. Concentrated C.P. grade. Diluted with water to 
make a 0.4 N solution. 

3. Periodic acid. Laboratory grade. Reagent; 0.14 M periodic acid in 
0.4 .V sulfuric acid. 

4. Glycine. Laboratory grade. Reagent: 1% solution in 0.4 N sulfuric 
acid. 

5. Oxidizing reagent. A mixture of equal volumes of reagents 5 and 
4, freshly jirepured. 

6. Air. Purified by pas.«ago through conccjitrated sulfuric acid then 
through a soda-lime tow’cr. 

7. Sodium hmdfile. C.P. grade, 1% aqueous solution. 

8. Copper sulfate. C.P., 4% aqueous solution. 

9. 4-IIydroxijdiphetiiil. C.P. grade, 1.5% solution in 0.1 N aqueous 
sodium hydroxide. 

10. Glacial acetic acid. C!.P. grade. 

11. Chloroform. Reagent grade, fresidy distilled. 

12. Sodium bicarbonate. Reagent grade S% aqueous solution. 

13. Sodium hydnmde. Reagent grade jicllets. 1 E aqueous solution. 

Preparation of the Thine Extract 

A one-hundredth part of a 24-hour collection of urine is added to 
the glacial acetic acid and the pIT is adjusted to 4.6. Then 2 ml. of 2 Jlf 
acetate buffer (pH 4.6), 5.0 ml of chloroform, and 2500 units of yS-glu- 
curonidase are added per 100 ml. of urine'. This is inctibatcd at 37®C. 
for 24 hours and extracted twdcc with equal volumes of chloroform (or 
purified methylene dichloride) . The solvent extract is w’a.shod succes- 
sively with 1 N sodium hydroxide, sodium bicarbonate solution, and 
then with water to neutrality. The solvent extract i.s desiccated by 
placing it over anhydrous sodium sulfate. Following its removal by 
filtration the solvent extract is brought to dryness under reduced pres- 


sure. 
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Procedure 

1. To the residue above, which has been transferred to a tube and 
thoroughly desiccated, is added 0.10 ml. of glacial acetic acid and the 
residue is dissolved by slight warming if necessary. 

2. One milliliter of oxidizing reagent (5 above) is added to the residue. 

3. A slow stream of purified air is immediately passed through the 
oxidizing solution by means of an aeration head having an inlet tube 
which is immersed directly into the solution and an outlet tube at the 
tip of the head. The reaction tube must be absojutely sealed by the 
head to prevent escape of acetaldehyde. The tip of the outlet tube is 
at once immersed in the sodium bisulfite solution. 

4. A flow of air equivalent to 5-cc. volume per minute is sufficient 
to cause a quantitative transfer of acetaldehyde to the bisulfite solution 
in 1 hour. 

5. To the bisulfite trap solution is added 3.5 ml. of concentrated 
.sulfuric acid solution, mixing well. 

6. To the solution which has been cooled in i(tc water i.s added 0.02 
nil. of the copper and 0.02 ml. of the 4-hydroxydiphenyl reagents. 

7. After keeping the tube in an ice bath for 1 hour .and .stirring at 
the 30-minute period the excess 4-hydroxydiphenyl is destroyed bylieat- 
ing in a water bath for 1.5 minutes. 

8. Optical densities of the solutions are road at 565 m/x. The amount 
of acctaldehydogcnic substances caifTie calculated from a calibration 
curve previously made with pregnanetriol as a standard. Although this 
method has not been applied for quantitation of blood plasma acetiddc- 
hydogenic steroids there is no apparent reason why it should not be 
successful. The plasma extract can cither be prepared by the method 
of Bongiovanni and Eberlein (1955) or by the method of Silber et al. 
(1958). These methods will not be described here since they are dealt 
with in the following section. 

As was previously mentioned the acetal dehydogenic method is specific 
for the determination of 17a,20-dihydroxy-21-mcthyl steroids in purified 
urine extracts. In patients with adrenal hyperplasia most of the acetalde- 
hydogenic steroids are accounted for by those which are isolated on paper 
chromatograms. The presence of other steroids (11-deoxycorticosterone 
and 11-deoxycortisol) does not interfere with the recovery of acetalde- 
hyde liberated from pregnanetriol. The rmine extracts must be washed 
as outlined or by following some equivalent procedure. Recovery data 
were found to vary between 52 to 102^ in unwashed extracts compared 
to 90 to 96% in washed extracts. Methods for the determination of 
pregnanetriol arc discussed in detail in Chapter 4. 
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S. Phenylhydrazine 

The reaction given by 17a!,21-dihydroxy-20-ketosteroid8 (17a-OHCS, 
group 4, Fig. 1) with sulfuric acid solutions of phenylhydrazine was 
introduced by Porter and Silbcr in 1950. The popularity of the Porter- 
Silber reaction stems from the fact that it is applicable in clinical practice 
to small samples of both blood and urine. It is believed that the mecha- 
nism of the Porter-Silber reaction is based on the formation of a yellow 
3,20- or 3,21-bisphenylhydrazone (Silber and Porter, 1957) which has an 
absorption peak at or close to 410 my. with an of 0.476 for 

cortisol. The A^-3-keto grouping of steroids also reacts with the Porter- 
Silber reagent but the resulting products have absorption maxima be- 
tween 340 to 360 m/t which do not interfere with the measurement of 
I7a-hydroxycorticoids (Silber and Porter, 1954) . Other substances, how- 
ever (see below), do interfere and as a result decrease the sensitivity 
and specificity of the methods. 

In the original procedure proposed by Porter and Silber (1950) a 
benzene-water partition system was used to purify urine extracts. This 
led to serious losses of steroid unless the water phase was exhaustively 
extracted with solvent. Recoveries of 10 to 25 yg. of steroid added to 
10 ml. of urine or plasma varied between 85 to 91% and 82 to 95%, 
respectively. Urine blanks were high and turbidity was often seen in 
extracts of plasma which interfered with the optical density readings. 

A new microinethod applicable to 4 ml. of urine or plasma was de- 
veloped by Silber and Porter (1954) and could be used for clinical 
studies. It consisted essentiall> of a four-step procedure wherein the 
steroids were extracted from urine, or plasma before or after ^-glu- 
curonidase hydrolysis. The solvent is waslu'd with 0.1 N sodium hydroxide 
and the steroid extracted directly in tlu sulfuric acid-phcnylhydrazinc 
reagent. To obtain lower blanks and greater sensitivity, the following 
changes from the 1950 method were made: (1) a decrease in the ratio 
of phenylhydrazine to sulfuric acid to minimize the unstability of cortisol 
and to obtain more equivalent colors with cortisone; (2) a substitution 
of ethanol for methanol which sometimes irave pinkish colored products 
(cf. also Eik-Nes, 1957) ; and (3) a slower rate of reaction. The specificity 
of the method w'as very good wiicn it wras applied to normal pooled 
human urine or plasma and depended to a great extent on the elimination 
of nonspecific chromogenic substances by the 0.1 iV sodium hydroxide 
wash. Thus, it was found that the absorption spectra of steroid-phenyl- 
hydrazine reaction solutions of urine and plasma extracts in the range of 
350 to 500 mfi were almost the same. However, in certain pathological 



232 


FERNAND G. I’ERON 


conditions or after medication a single alkali wash of the urine or blood 
extracts was insufficient to eliminate nonspecific chromogens. 

Marks and Leftin (1954), using the method of Reddy et al. (1952) to 
extract urines, showed that paraldehyde, potassium iodide, and chloral 
hydrate gave significant absorption values at 410 ni/* which interfered 
with the specificity of the 1954 Porter-Silber method. Sulfaraerazine or 
sulfadiazine medication resulted in an interfering orange-brown color in 
the final reaction solution (Lampe-Hintzen and Huis in’t Veld, 1955). 
Although its absorption maximum was not at 4,10 mfi the color con- 
tributed sufficiently to give rise to erroneous values. The antibiotic tri- 
acetyloleandomycin also interferes with the sijocificity of the Porter- 
Silber reaction in a similar fashion (Numcrolf ct al., 1959) . On the other 
hand, Silber and Busch (1955) studied 25 ronuiionly u.s(>d therai)eutic 
agents and observed little interference in the Porter-Silber reaction. 
Paraldehyde as well as quinine and its hydrochloride and colchicine 
were exceptions and gave rise to high absorption values at 410 m/i. As 
indicated by Silber and Busch (1955), determinations should bo carried 
out with the substances to be administered if only to ascci tain their re- 
acting properties with the Porter-Silber reagents. 

In order to overcome some of the idiosyncrasies of the tneihod and 
because standard steroid still had to be added to correct for losses (20- 
25%) in the extraction procedure, Silber and Busch (1956) advocaUnl 
the washing of urine or plasma wdth •carbon tetrachloride and/or petro- 
leum ether prior to extraction with methylene dichloridc. The method 
yielded more satisfactory results since many of the medicaments (or 
their metabolic products) used in thera])y ai-e soluble in one or the other 
of these solvents. Additional readings were run at 380 and 440 rn/^ with 
blanks (sulfuric acid + extract) and samples to ascertain the presence 
of a peak absorption at 410 m/i. Recoveries by this method were good 
when as little as 0.5 fig. of cortisol were a<lded to 2-10 ml. of j)la.sma 
(average 91.5%). Duplicability of the method was found excellent after 
checking the amounts of free cortisol in 5- and 10-ml. samiilos of pooled 
plasma in triplicate on two occasions. 

The greatly increased sensitivity of this method has made it aj^plicablc 
to 2-ml. samples of normal plasma. In the form presented (sec below), 
the method cannot be applied to plasma from jaundiced i)atients. Also, 
provision should be made to eliminate paraldehyde and acetone from 
extracts, especially when analyzing urine or plasma obtained from 
diabetics. Although Silber and Porter (1957) have shown that steroids 
other than those possessing the 17a-hydroxycorticoid side chain (21- 
aldehydehydes of 11 -dehydrocorticosterone and corticosterone, 11;8,21- 
dihydroxy pregna-4,16-diene-3,20-dionc) react with the Porter-Silber rea- 
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gent they are of no concern since their presence in biological extracts is 
unlikely. However, P6ron (1960) has obtained a substance^ of adrenal 
origin which reacts with the Portcr-Silber reagent. Although its origin is 
adrenal, it could conceivably be present in blood and contribute to the 
absorption values. 

The Porter-Silber reaction has also been the basis of procedures 
initiated by Reddy and co-workers (Reddy et nl., 1952, 1955, 1956; 
Reddy, 1954) for measuring total 17«-OHCS in butanol extracts 
of plasma or urine. The extreme simplicity and the applicability of 
these methods for the extraction of total 17a-OHCS should make 
them invaluable for analyzing a large number of biological samples. 
However, unless the methods are rigorously standardized, the values 
obtained with the Porter-Silber reaction can be erroneous. Butanol, in 
addition to having excellent solvent i)roperties for steroids, extracts many 
nonspecific Porter-Silber chromog{'nic material. Commercial butanol, a 
source itself of nonspecific color (W. R. Smith et al., 1954), must be 
l)urificd before use. These authors were also able to obtain significant 
lowering of the blank values by decreasing the concentration of the 
acid used in the Porter-Silber reagent. Addition of kaolin to urine prior 
to extraction and acidification overcame emulsions and adsorbed trouble- 
some urinary proteins. However, the blanks obtained here as well as 
those obtained following other nmdifications (Reddy, 1954) were of 
such an order of magnitude that the sensitivity of Portcr-Silber reaction 
was decreased greatly. In addition, variations in color intensities from 
steroid to steroid was obtained even though the concentrations were 
the same. For example, tetrabvdrocortisol gave only 35% the color of 
cortisone. To avoid losses by alkali washing of the butanol extracts 
anhydrous sodium carbonate was added and was found to remove as 
much nonspecific chromogens as sodiuni hydroxide (Reddy, 1954). After 
precipitating the blood protein with zinc sulfate and sodium hydroxide 
this method was used for the detennination of plasma 17a-hydroxy- 
corticoids (Reddy et al, 1956) . 

The correlation between the amount of substances being measured, 
and the functional state of the individuals studied, which was supported 
by the fact that the spectral curves obtained with extracts were similar 
in shape to those obtained with pure 17a-hydroxycorticoids, was in- 
terpreted as strong evidence for the identity of the materials being 
measured. To increase the validity of the Porter-Silber values obtained 
with butanol extracts, Hertoghe et al (1955) proposed the application 

^Note added in proof: Since submission of the manuscript the substance referred 
to here has been identified as iS-hydroxydeoxycorticosterone or 20,21-dihydroxy- 
18,20-ep''xv-4-)>ro(!non-3-'>ne CF. O. P6ron, Endocrinology, 69, 39, 1961). 
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of the Allen correction equation to minimize the great variability in 
urinary 17a-hydroxycortacoid values. A mathematical formula was used 
which successfully treated all values obtained (370, 410, and 450 m/*) 
regardless of their sign. In 12 duplicate determinations of the same 
urine the standard deviation amounted to of the mean value whereas 
a 43% deviation was found with the method of Reddy (1954). Of equal 
importance was the comparable color intensities obtained with tetra- 
hydrocortisone (THE) and cortisone (E) (THE = 96% E) whereas 
without the Allen correction THE = 87% K. 

Schopman et al. (1957) criticized the indiscriminate use of the Allen 
correction because the Porter-Silber spectral curves of butanol extracts 
of some urines treated with sodium borohydridc showed greater optical 
density values at 370 than at 380 ni/n. In these cases, results calculated 
with the Allen correction at one set of wavelengths were substantially 
different from those found at another. The di8cre[)ancies are overcome by 
reading at 380, 410, and 440 mfi. 

The foregoing directs attention to tlie necessity of being aware of 
the limitations of the Allen correction equation. As originally stated by 
Allen (1950) this correction can be u.sed provided the absorption curv(!s 
of the contaminating substances closely approximate a straight* line 
and change linearly over the range of wavelengths used for a particular 
chemical assay. If the curve is irregular, as in the above case, reading 
at other wavelengths is permissible only if the requirement of linearity 
is met. The latter should be ascertained especially when innovations 
are made in routine methods of extraction or estimation. This is done 
by inspecting a number of curves obtained with the same extract of 
the material to be assayed but without interference from steroids which 
are to be measured. The effect of steroids can be eliminated as pro- 
posed by Allen (1950) or the interfering substances themselves may 
be separated from the steroids and their spectral curves obtained (Chang 
and Slaunwhite, 1955; Diczfalusy, 1955). 

Braunsberg (1957) has projiosed a method to test the validity of 
the Allen correction without the isolation of the interfering substance. It 
can be applied in a routine way to check the linearity of the background 
absorption. A further simplification and extension of this method was 
proposed by O’Sullivan (1958) which gave an indication of the confidence 
that can be placed on the correction process. 

To obtain purified urine or plasma extracts containing less chromo- 
genio PS-reacting material other investigators (Nelson ct al., 1951 ; Nelson 
and Samuels, 1952; Bayliss and Steinbeck, 1953; Bondy and Altrock, 
1953; Eik-Nes et al, 1953; Glenn and Nelson, 1953; Vestergaard, 1953; 
Gemzell, 1956; Kassenar et al, 1966; Eik-Nes, 1957) used more elaborate 
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purification procedures. The purification of urine extracts by Florisil 
columns has been successful (Glenn and Nelson, 1953). If necessary 
precautions are taken in preparing the Florisil column (Eik-Nes et al., 
3953) the method has a high degree of reproducibility and is reliable 
for the measurement of minute amounts of 17a-hydroxycorticoid (Har- 
wood and Mason, 1956). There is also very good agreement between 
standard cortisol-Porter-Silber chromogen spectra and those obtained 
with the 17a-OnCS fraction eluted from the column. Biological specificity 
was obtained since patients with adrenal insufficiency showed no 17a- 
hydroxyoorticoid values and a high correlation of Portcr-Silher chronm- 
gens was found before and after ACTH administration. 

Although the Portcr-Silber chromogen in blood plasma from nonnal 
subjects seldom exhibits a peak absorbancy at 410 m^it, Eik-Nes (1957) 
showed that a benzene-water partition of the extract prior to its 
chromatogrupliy on Flo'i.sil h'd to a 1 7a'hydroxycorticoid fraction which 
l>caked at 410 ni/x. Other methods correcting for nonspecific chromo- 
genicitj”^ of extracts and lack of corre.spondence in color intensities of 
different 17a-hydroxycorticoid'5 have been proposed. Silber and Porter 
(1957) by a mathematical treatment of results obtained with the Silber 
and Busch m(‘thod (1956) have obtained identical optical density values 
with tot rally drocortisol and tctrahydrocortisonc. When extracted from 
water at a level of 5-15 and 5-30 /ig , respectively, these substances 
have been determined with a precision of 99.0% ±3.65 (S.E.). Similar 
re.sult.s wi'ie obtained when the substances were added to urine. Unless 
j»ro\i.'"ioii is made to correct the variations m intensity of the Porter- 
Silber chromogens of cortisol ioiii.sonc, tetrahydrocortisol, and tetra- 
hydrocorti‘'One as Porter-Silbcr chromogcn.s all values must be reported 
in terms of a particular standard equiv-alent. 

There is good agreement between ’^he Portei -Silber methods (Silber 
and Poiter, 1954) and the more elaborate ones of Nelson and Samuels 
(1952), where Florisil is used to purify extracts. This was shown by Wal- 
lace et al (1955) in an intensive study of nonnal blood and blood ob- 
tained from individuals w'ithout endocrine diseases. Eik-Nes (1957) has 
also shown an excellent degree of correlation of the Porter-Silbcr (Silber 
and Porter, 1954) method with the slighUy modified Nelson and Samuels 
(1952) method w’hich he proposed (.sec Section III, B). The specificity of 
these methods has been checked by paper chromatographic procedure and 
isotopic dilution methods. In 25 paper chromatographic determinations 
Migeon et al. (1956c) found that 85% ± 19 (S.E.) of the 17tt-hydroxy- 
corticoids measured by the Nelson and Samuels (1952) method was 
cortisol. 

Peterson et al. (1957) have found a correlation between the free 
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plasma cortisol values obtained by the Porter-Silber (Silber and Porter, 
1954) method and the isotopic dilution method (Peterson and Wyngaar- 
den, 1966) . These authors checked the specificity further by fluorometric 
assay of the isolated compound (Sweat, 1954) and its reduction product 
(tetrahydrocortisol) obtained enzymatically and by isolation on Bush 
partition paper chromatograms (Bush, 1953) . The specificity of the pro- 
cedures has not been checked as rigorously when butanol is used as a 
solvent. 

As was mentioned previously, quantitative paper chromatography of 
conjugated steroids cannot bo carried out with precision (Schneider and 
Lewbart, 1959) . The reliability of the Reddy-type procedures, therefore, 
can bo evaluated only on the basis of a comparison of the values ob- 
tained by the Porter-Silber and the Nelson -Samuel procedures. 

With an understanding of the limitations discussed above, the Porter- 
Silber reaction when used in conjunction with various extraction and 
imrification procedures is suitable for routine clinical determinations of 
free and conjugated 1 Ta-liydroxycorticoid.x. It cannot be used for the 
determination of corticosterone and/or it'< metabolites or 17«-hydroxy, 
17-deoxy-20a-, and 20/J-reduced steroids. 

For rea.sons outlined in the Tntroduetion, the results obtained with a 
chemical assay should represent the total 1 7a-hydroxycorticoids. In this 
manner a truer picture; of adrenocortical function can be obtained. The 
following three procedures are represoMtativc methods. 

a. Method of Reddy and Allvti Cornction as Pro-posed 

by Ilertoghe et al. (1955) 

Reagents for Urine and Blood 

1. Butanol. Reagent grade,. I'lie optical density of this solvent should 
not exceed 0.025 when the color is carried out on 1 ml. of the butanol plus 
4 ml. of reagent 5 (Reddy, 1954). 

S. Sodium sulfate. Reagent grade. 

3. Sodium carbonate. Reagent grade. 

4 . Sulfuric acid. Concentrated, analytic grade. Reagent: 620 ml. of 
sulfuric acid added to 380 ml. of glass-distilled water. 

5. Phenylhydrazine hydrochloride. Recrystallizcd from ethanol and 
dried. Reagent: 65 mg. of phenylhydrazine hydrochloride dissolved in 
1(X) ml. of sulfuric acid reagent. 

Reagents for Blood 

1. Zinc sulfate. Reagent gi’ade; W/o aqueous solution of zinc sulfate 

7H2O. 

3. Sodium hydroxide. Reagent grade; 0.1 N aqueous solution. 
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S. 10 ml. of reagent 1 should be equivalent to 10.0-11.2 ml. of reagent 
2 using phenolphthalin as the indicator. 

Procedure 

Ten milliliters of blood or 10 ml. of urine; 10 to 20 /»g. of standard 
steroid are carried through the procedure used below. 

Blood proteins arc first precipitated with the zinc sulfate and sodium 
hydroxide solutions according to the precipitation technique of Somogyi 
(1930). The proteins in 10 ml. of jdasma are precipitated by mixing with 
5 ml. each of the zinc sulfate and sodium hydroxide reagents. After cen- 
trifugation the clear supernatant is used for the butanol extraction. 
Protein-free blood and urine samples are treated in the same manner as 
f)(!r jirotocol. 

1. Acidification with sulfuric acid to pH 1. 

2. Saturation with sodium sulfate (2.5-3.0 gm. for 10 ml.l. 

3. Extraction with equal volumes of btitanol. 

4. Addition of solid sodium carbonate (0.25-0.50 gm.) to the sepa- 
rated butanol phase; solution allowed to stand 5 minutes. 
Evaporation of the butanol is carried out at a retiuced pressure. 

G. Addition of the Portcr-Silber n agent (-{) to all or to aliquots of 
the extracts. 

7. Reading of the tubes at 370, 410, and 450 ui/t set up and containing 
the substanees designated in the following tabidated data (Her- 
toghe et (iL, 1955) 


l)iffc*n ru;o betwocn th(i optical 
Horisit.ios read at 


l)et\v(‘en Uu* following solutioi.- 1170 n\/i HO m/x 450 

Standard -f* Portor-Silbor rciignnt and 

standard + H 2 SOx reagent a ^ 

Butanol -f* Porler-Silber rengent and 

butanol + Ii 2 S ()4 reagent. c' 

Butanol urinary extract -b Porter-Silbcr reagent and 
butanol urinary extrafd. + II 2 SO 4 reagc'nt ABC 


The following calculations are mad<‘ 

1 . For the standard solution 

2. For the butanol extract 


(h - ?/) - {n -- a^) 4- (r - r^) ^ ^ 
(ji ^ (/) ^ (A a') 4 . (C ~ r /) ^ ^ 


The concentration of 17a-hydroxycorticoid steroids is then calculated by 
the formula 10X/<S. Since S values were found proportional to the con- 
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centration of cortisone (Hertoghe et al., 1955) over a wide range, a direct 
relationship between S and A' is justified. When negative values are ob- 
tained they are treated according to their sign. If interfering substances 
are suspected which will yield typical colors with the Porter-Silber rea- 
gent, the absorption curve over a wide wavelength range should be car- 
ried out after borohydride reduction (Schopman et al, 1958) to ascertain 
the linearity of the nonsteroidal chromogcnic curve. 

b. Procedure of Nelson and Samuels (1952) as Modified 

by Eik-Nes (1957) 

Urine. A 30-ml. aliquot of a 24-hour sample is buffered with acetate 
buffer (pH 4.5), mixed with 10,000 Fishman units of j8-glucuronidasc, 
and incubated at 47°C. for 15 hours. After 3 extractions with equal vol- 
umes of chloroform, the solvent is brouglit to dryness under reduced 
])ressure. The residue is partitioned between 3 ml. of benzene and 6 ml. 
of distilled water 3 times. The combined aqueous layers are then rc- 
cxtracted 3 times with chloroform (or methylene dichloride) . The residue 
obtained after evaporation of the chloroform is chromatographed on 
Florisil as outlined below. 

Plasma. Fresh or frozen pla.«ma is hydrolyzed by the methofl of 
Bongiovanni and Eberlein (1958). After mixing 10 ml. of plasma with 
2.5 volumes of 95% ethanol the precipitate is removed by centrifugation. 
The aqueous idiasc is evai)orated to a small volume and . reconstituted 
with distilled water to its original volume. After bringing to pH 4.5 with 
acetic acid and buffering with 0.1 M acetate buffer (pH 4.5) the mixture 
is hydrolyzed with )8-glucui'onidasc at 37''C. for 48 hours. Subsequently, 
this is extracted 3 times with equal volumes of methylene dichloride. The 
methylene dichloride is evaporated and the resulting residue partitioned 
between water and benzene as for the urine residue above. 

Chromatography on Florisil. I’lie dry residue from the benzene-water 
partitions is dissolved in approximately 40 ml. of chloroform which is 
poured onto a 10- X 70-mm. chloroform-washed, column of Florisil pre- 
viously prepared wdth dry washed Florisil (Eik-Nes et al, 1953) . Elution 
is carried out wdth a further 25-ml. volume of chloroform, 25 ml. of 1% 
methanol in chloroform, and finally with 45 ml. of 25% methanol in 
chloroform. The last fraction which is evaporated almost to dryness is 
transferred quantitatively to a glass-stoppered tube and brought to dry- 
ness. After dissolving in 0.2 ml. of absolute ethanol, 0.3 ml. of phenyl- 
hydrazine-sulfuric acid reagent is added (16 mg. of recrystallized phenyl- 
hydrazine + 10 ml. of a mixture of 190 ml. of glass-distilled water and 
310 ml. of concentrated sulfuric acid) . The tubes are immersed in water 
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at 60°C. in the dark for 60 minutes. After cooling, all tubes are read at 
370, 390, 410, 430, and 460 m/x. 

Optical density readings are obtained by first zeroizing the spectro- 
photometer with a chloroform blank carried through the entire procedure. 
Losses of steroid which occur at different steps in the procedure are as- 
sessed by determining the recovery of 1-10 fig. of the standard used for 
the Porter-Silber standard curve when added to urine or plasma. The 
Allen correction e<iuation is applied to all values. Reading at different 
wavelcngth.s makes possible the detection of excessive background color 
(high blanks). Samples which exhibit a greater absorbancy at 390 m/* 
tlian at 410 mfi arc to b<- questioned (Eik-Ncs, 19571. 

c. Methoil uf Silber and liusch [lOiid) 

This method has been given in its entirety elsewhere (Silber and 
Bu.sch, 1956; Silber and J’orter, 1957) and applied to determinations of 
free 17o-hydroxycorticoids in j)laKma and urine and to conjugated 17«- 
hydroxycorticoids in urine. It has not been u.s('d extensively for (juanti- 
tative determinations of conjugated blood 17tt -hydroxycorticoids. To hy- 
drolyze these conjugates in plasma the method.s of Bongiovanni and 
Kberlein can be used as wa.s described alrove. The procedure involved 
in the Silber-Bu.sch (19561 method is outlined below. 

liengents 

1. All solvents used aiv reagent grade. 

2. Dilute sulfuric acid reagent. Glass-distilled water (190 ml.) plus 
310 ml. of concentrated sulfuric acid. 

3. Blank reagent. Reagent (100 ml.) is added to 50 ml. of absolute 
ethanol. 

4. Fhenylhydrazine reagent. Recrj” tallized phenylhydrazine hydro- 
chloride (65 mg.) is added to 150 ml. of reagent S. 

Procedure 

Five milliliters of urine or deproteinized plasma hydrolyzed with 
^^-glucuronidase arc washed successively with 2 to 3 times their volume 
of carbon tetrachloride and petroleum ether and the solvent phases dis- 
carded. The aqueous phase is next extn ctod twice with 2.5 times its vol- 
ume of methylene dichloride. The methylene dichloride extracts are 
pooled and evaporated to dryness under reduced pressure. This will elimi- 
nate any acetone which may be present in the extract. After dissolving 
the residue in 10 ml. of methylene dichloride it is washed with 1.0 ml. of 
cold 0.1 N sodium hydroxide for 15 seconds. The alkali wash is discarded 
and the methylene dichloride is equally divided between two tubes. To 
one, 0.5 ml. of reagent 4 are added and to the other an equal volume of 
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reagent S. After shaking vigorously for 15 seconds and removing the 
solvent phase, color is allowed to develop overnight (16 hours) in the 
dark at room temperature. Aqueous standards (0.5-6 ng.) are carried 
through the same procedure. Because of emulsion formation, the tubes 
are centrifuged after each extraction step. Emulsions which do not break 
readily after one centrifugation arc frozen in a dry-ice solvent mixture 
and recentrifuged. The optical density of the samples are read in micro- 
cuvettes at 380, 410, and 440 ni/x. After subtracting the readings of the 
blank from those of the sample at each of these lyavelengths the cor- 
rected optical densities are calculated by subtracting the .sum of the den- 
sities obtained at 380 and 440 rn/t from twice those obtained at 410 m/i. 

4. Bismuthate Oxidation 

The popularity in North America of procedures utilizing the phenyl- 
hydrazine sulfuric acid reagents for the estimation of blood and urinary 
adrenocorticosteroids has paralleled in Europe the method using sodium 
or potassium bismuthate for urinary adrenal steroid estimation. When 
added to urine, this latter substance (Brooks and Noiymberski, 1952) 
causes the oxidative scission of the side chain of some 17-hydroxylated 
C 21 corticosteroids (group 3, a, b, and c, Fig. 1) yielding 17-kctostcit)ids. 
The latter are measured colorimetrically by the classic Zimmermann 
reaction (1935). The difference between 17-ketosteroid values before 
and after oxidation of urinary adrenocprticosteroids afforded a measure 
of 17-kctogenic steroids (17-KGS, group 3, a, b, and c. Fig. 1) (Norymber- 
ski, 1952). One of the advantages of using this method w’as that a 
sample containing as little as 10 ng. of corticosteroid could be measured 
with ease and simplicity and a second, that a largo group of adrenal 
steroids was measured. Still a third, was the fact that enzymatic methods 
of hydrolysis were not obligatory for obtaining values for total corti- 
costeroid. 

In further studies, Norymberski et al. (1953) described the conditions 
necessary for optimal oxidation of urinary 17-ketogenic steroids. Glucose 
in low' concentration (1%) inhibited the oxidative reaction and the 
authors stressed the importance of testing urines for the presence of 
this substance before carrying out the estimation of 17-kotogenic 
steroids. Addition of excess sodium bismuthate was suggested to over- 
come this problem. This solution was confirmed experimentally by 
Jorgensen (1957), Birke et al. (1958), and Sobel et al. (1958). Jorgensen 
(1967) used fermentation with yeast to eliminate the glucose. Neither the 
yeast nor the alcohol produced interfered with the final 17-ketonic 
steroid assay. 

D. G. Smith and Tompsett (1955) reported that sodium bismuthate 
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and acetic acid in the presence of liigh concentrations of sodium chloride 
caused an oxidation of 17-hydrox>'androstanes and 20-hydropregnane8 
to the corresponding 17- and 20-ketones. This was not substantiated by 
Noryrnberski and Stubbs (1956) or by Sobel et al. (1968). Further, 
Norymberski and Stubbs (1950 maintained that the simultaneous pres- 
ence of urea in the urine prevented the oxidation of hydroxy steroids by 
bismuthate. Edwards and Kellie (1958) found that urinary chlorides 
interfered only when their concentration (molarity) was higher than 
that of the urea present in the urine. Addition of urea, however (100 
mg /25 ml.) , to the urine excluded any j)ossibility that this could occur. 
Another urinary constituent which appears to interfere with the bis- 
muth ate oxidation in large anmunts is dehydroepiandrosterone. In its 
I)resence 17-ketosteroids values obtained before and after bismuthate 
oxidation arc erroncou.s (Jorgensen, 1957j. This has important implica- 
tions if 17-kctogcnic steroids arc to be determined in the urine of adrenal 
tumor patients who often cxci’ctc huge amounts of this substance. Plantin 
el al. (1956) have also found that dehydroepiandrosterone reacts with 
sodium bismuthate, and they post ulated that epoxidation of the A®-ethyl- 
cnic bond occurred, leading to ('rror in the estitnation of 17-ketogenic 
steroids. The error as well as the contribution made by urinary pig- 
ments to the colorimetric Tncirsurement of native 17-ketogenic steroids 
(Appleby ct ah, 1955) is overcome b}" the introduction of a reductive 
step prioi’ to oxidation of the steroids to 17-kctosteroids (Appleby et ah, 
1955; Jorgensen, 1957). 

By the combination of icdtictivc and o.xidative stops, 17«,21-di- 
hydroxy or 21-dooxy-20-keto. eroids arc first reduced to the correspond- 
ing 20-hydroxy comi)ouuds of the type dei)icted by group 3, b and c 
(Fig. 1), which are then oxidized I'V bismuthate to 17-ketosteroids. 
Introduction of the reducti\e .step ( rior to oxidation, therefore, not 
only elinrinates errors due to nonspecific material and dehydroepi- 
androsterone but eliminates from the final measurement all other 17- 
kctosteroids originally present in the urine. The method has also the 
adA'antagc of measuring the total 17a-hydroxyeorticosteroids. 

In further work, Appleby and Norymberski (1955) suggested a 
method whereby 17-hydroxy, 20-kcto, 21-deoxy steroids could be deter- 
mined specifically. This depended first on destruction of all adrenal 
steroids, with the exception of the highly stable 21-deoxy8teroids, by 
boiling in aqueous mineral acid (10% fICl v/v). Consecutive treatment 
of the urine with .sodium bi.smuthate, sodium borohydride, and sodium 
bismuthate led theoretically to the selective conversion of 17-hydroxy, 
20-ketostcroids to 17-ketostcr(;ids. The 17,20-dihydroxy, 21-deoxy steroids 
on the other hand arc oxidized at tfce first bismuthate step and thence 
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reduced to uonoxidizablc 17-liyclroxy compounds which do not interfere 
in tlie Zimmermann reaction. Since these compounds are present in urine 
in very low concentrations urinary chromogens interfere with their 
measurement. To account for these, blank determinations have to be 
carried out and under these conditions a mean of 81% recovery (22 
experiments) of 3a,17a-dihydroxy-5y8-pregnane-ll,20-dione was obtained 
after addition to urine. The i.solation of etiocholanolone from extracts of 
acid-hydrolyzed urine after treatment with oxidizing and reducing re- 
agents in the sequence noted above indicated the spe^ficity of the method. 
This provided a now analytical method for the grohp determination of 
21-deoxy ketols which have been isolated mostly from pathological urines 
(Lieberman and Dobriner, 1945; Hirschmann and Hirschmann, 1947; 
Mason and Strickler, 1947; Miller and Dorfman, 1950; Fukushima et al., 
1954; Lieberman et al., 1954) . With this method Appleby and Norymber- 
ski (1957) indicated that the increase in total 17a-hydroxycorticoids in 
the fifth to tenth lunar months of pregnancy was due in part (25%) to 
an increase in the level of 21-deoxy, 20-kctols. The balance of the in- 
crease was probably due to the higher levels of 17,20,21-triols and 17,20- 
diols. Oral administration of as much as 200 mg. of cortisone per day for 
2 weeks failed to cause an increase in the level of measured 21-dcoxyt20- 
ketols. 

A method using zinc powder in boiling aqueous acetic acid (Norymber- 
ski and Stubbs, 1956) for the differential estimation of 17a-hydroxy- 
corticosteroids (Porter-Silber-reacting material) has been proposed. Be- 
cause of its complexity and failure to destroy all the chromogenicity 
derived from cortisone after the reactions, the highly specific Porter- 
Silber methods (cf. previous section) are still those recommended for 
measuring na-hydroxycorticosteroids. 

The complexity of the steroid comixmcnts in urine extracts does 
not permit an absolute correlation of 17-ketogenic steroids and total 
17a-hydroxycorticoids because of different reaction products which are 
measured with the Zimmermann reaction. Thus, when only bismuthate 
is used (for 17-ketogenic steroids) the reaction products measured will 
consist mainly of ll-ketoetiocholanolone (a) whereas introduction of 
borohydride reduction prior to bismuthate oxidation (total 17a-hydroxy- 
corticoids) yields mainly 11 -hydroxy etiocholanolone (b). Since the Zim- 
mermann color equivalents for (a) = 124 and (6) = 85 (when debydro- 
epiandrosterone = 100; sec Appleby et al, 1955) the lack of correlation 
becomes self-evident. This picture is further complicated by the drastic 
hydrolytic procedures used to hydrolyze the steroid glucosiduronidates 
prior to the Zimmermann reaction. These cause the formation of artifacts 
of hydrolysis from a partial or complete conversion of 11 -hydroxy- 
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etiocholanolone to 3tt-hydroxy-5i8-androst-9(ll)en-17-oiie (Birke et al,, 
1968; Edwards and Kellie, 1958). In addition borohydiide reduction of 
20-ketones is more rapid than that of 11-ketoncs so that sufficient time 
must be allowed for a total reduction of 11-keto groups (Appleby et al,, 
1955; Plantin, 1958). 

The question of the reaction time required for the bismuthate oxida- 
tion step has also been the subject of some discussion (Diczfalusy et al., 
1955) and lias led to procedures wherein it was found necessary to in- 
crease the time to obtain complete oxidation of 17-ketogenic steroids 
(Jorgensen, 1957 ; Golub el al., 1958; Sobel et al., 1958) . In further studies, 
however, Diczfalu.sy et al, (1958) found that an increased oxidation 
period was related to and varied with the proA'enance of the bismuthate 
reagent. Paradoxically, it was found that the purest reagent (Baker’s 
Analyzed) w'as the least reactive. Therefore, it is advisable to carry out 
a time study to e.«rablidi optimal comlilion.'j for complete oxidation of 
steroids. 

Any substance which will afVect the Zitmnermann color reaction 
will, of course, interfere with the determination of 17-ketosteroid3, 17- 
hydroxycorticoids, and total 17a-hydroxycorticoid.s. Mejirobamate, a 
tranqiiilizing drug, produces a characteristic, reaction with Ziminermann 
reagents. "When ingested, it, or its urinary metabolites, produce a Zim- 
mermann chromogen which has an absorption maximum at 395 m/n. 
Fortunately, if the Allen (1950) correction is ai)i)lied correct vahies may 
be obtained (Salvesen and Nisseii-Meyer, 1957). 

Other materials may also affect the over-all .‘(pecificity of the bis- 
muthate method. For instane- , it is impossible to apply the method in 
the presence of traces of glycols or glycerols because their oxidation 
product reads with Ziminermann reag< nts. Thus, eluates from Zaffaroni- 
type papt'r chromatograms, or those obtained from partition columns 
using glycols or glycerol as stationary phases must be freed of these 
interfering substances. It is evident, therefore, that the bismuthate 
method cannot be used for the analysi.s of adrenocorticosteroids in 
solvent extracts of blood or tissue containing lipid. On the other hand, 
it has been successfully used for the (determination of urinary allotetra- 
hydrocortisol isolated on Bush-type paper chromatograms (Bush and 
Willoughby, 1957). 

By taking into account the above problems, the bismuthate or boro- 
hydride-bismuthate methods as applied to urine analyses have the quali- 
fications of reliability, reproducibility, precision,, and chemical specificity 
(Edwards et al, 1953; Appleby et al, 1956; Diczfalusy cf al, 1955; Borth 
et al, 1957; Butt et al, 1957; Birke ef al, 1958; Gold and Starr, 1959). 
Recoveries of model 17-ketogenic steroids or total hydroxycorticoids from 
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urine correlate well with values obtained with other methods (e.g., 
Porter-Silber) (Butt et al., 1957; Nabarro et at, 1957; Birke et at, 1958; 
Sobel et at, 1958; Gold and Starr, 1959). The bismuthate reaction may 
be used for the quantitative determination of pure nonestcrified (at the 
21 position) 17,21-glycol. If the 21-hydroxyl function is masked with an 
ester group there is no reaction with bismuthate. However, the same 
compound after borohydride reduction or 17,20,21-glycerols 21-acetates 
will be oxidized to 17-ketostcroids. This has led Appleby et at (1955) 
to indicate that the bismuthate reaction depends upon initial fission of 
the C-20, 21 bond and the fonnation of an a-hydroxj^ acid. 

Edwards and Kellie (1958) in a study of the borohydride-bismuthate 
methods have approached some of the j)roblems discussed above in a 
different manner. To climinat(? possible interfeiviice of glucose and pro- 
duction of acid-hydrolysis artifacts (e.g., 3a-hydroxy-5;8-androst-9(ll)- 
en-17-onc) estimation of adnaiocorticosteroid is carried out with an 
ether-ethanol extract of the urine (see Section III, B, 4, b and Edwards 
et at, 1953). This extract is oxidized in the presence of bismuthate and 
trichloracetic acid (TCA) resulting in a simultaneous oxidation and hy- 
drolysis to yield 17-ketost('roids. Since only glucosiduronidates arc hydro- 
lyzed by the reagents, 17-ketosteroids and 17-kctogenic stcroid-gl«co- 
siduronidate levels can be measured. This method yields essentially the 
same 17-ketogenic steroid value as when the oxidation step is carried 
out directly on urine by tlu' usual bismuthate nudhods. One disadvantage 
is the introduction of an additional stop involving the purification of 
methylene dichloridc extracts with alumina [uior to the Zimmermann 
reaction. Also, many more manipulations must be performed before an 
extract is obtained which is suitable for chemical assay. 

The twc» following methods incorporate* the requirements discussed 
above. 

o. Method of Appleby et al. {1956) as Modified 

by Birke et al. (1958) for 17-Ketogcnic Steroids 

Reagents (all analytical reagent grade) 

1. Potassium borohydride. 

2. Glacial acetic acid. 

S. Sodium bismuthate. 

4 - Sodium bisulfite. Reagent, 5% (w’/v) aqueous solution. 

5. Concentrated hydrochloric acid. 

6. Sodium hydroxide pellets. Reagent, 3 N aqueous solution. 

7. Ethyl ether. Purified by extraction with 5% aqueous ferrous sulfate 
and then distilled over sulfuric acid. 

8. Potassium hydroxide. Reagent, 1.25 N in ethanol containing 40 mg. 
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of ascorbic acid per 50 ml. of solution. Purer and more stable solutions 
of potassium hydroxide arc obtained by this method (Hamburger, 1952). 

9. m-Dinitfobenzene. Keciystallized from ethanol until it is pale 
yellow in color. Reagent, a suitable amount prepared fresh each day by 
mixing a preparation of 1:2 (v/v) of 2^'o ethanolic m'dinitrobenzene and 
reagent 8. 

Procedure 

To each of two 8-ml. aliquots of a 24-hour sarnjile of urine are added 
40 mg. of sodium borohydride. After shaking at room temperature for 
1 hour, 8.0 ml. of glacial acetic acid and 3.0 gm. of sodium bismuthate 
are added, and the mixture is shaken in the dark for 2 hours. After 
centrifugation, 3 drops of reagent 4 arc added to 2.5-ml. aliiiuots of the 
clear supernatant which is then diluted with 2.5 ml. of glass-distilled 
water. Following the adclition of 0.5 ml. of concentrated hyilrochloric 
acid the tubes are shaken and immersed in boilwg water for exactly 
15 minutes. The rack of tubes is next immersed in cold wtiter and 17- 
ketostcroid.s extracted by slinking with 8 nd. of ether. After removal of 
the aqueous iihase by aspiration the ether is washed successively with 
2.0 ml. of distilled water and 2.5 ml. of 3 N sodium hydroxide. The 
ether phase is finally purified by .shaking with approximately 30 pellets 
of sodium hydroxide. The [nirified ether extract i.s brought to dryness 
and the residue dissolved in 0.6 ml. of reagent 9. The color is allowed 
to develop in the dark at. room temperature for W minutes, then to each 
tube are added 3.4 ml. of ethanol. Headings are taken in a Beckman 
.spectrophotometer .against a reagent blank at 460, 520, and 580 mjti. 
The values are calculated by using the Allen (1950) correction equation. 

IV'ith each series of determinations 2 or more standards are run at a 
concentration which will give an optical density reading which is con- 
sistent with good accuracy. Becau.se ot the difference in color intensities 
produced by different 17-kctosteroids with the Ziramermann reagent, it is 
imperative that the vakuw be clearly denoted in terms of the standard 
used. 

b. Method of Edwards and Kellie 

for 17-Ketogenic. Steroids (cf. Birke ct al., 1958) 

Reagents (all analytical reagent grade) 

1. Trichloroacetic acid (TCA). Four per cent (w/v) in 75% aqueous 
ethanol. 

2. Diluting fluid. Aqueous sodium .sulfate anhydrous 3% (w/v) and 
aqueous sodium sulfite anhydrous 2% (w/v). 

3. Sodium hydroxide. Reagent, 1 N aqueous solution. 

4 . Sodium bismuthate. Containing less than 5 p.p.m. manganese. 
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6. Abmina (AlzOs). 

6. Potamum hydroxide. Reagent, 2.5 N prepared as in reagent 8 of 
previous method. 

7. m-Dinitrobenzene. Reagent, recrystallized as in reagent 9 of previ- 
ous method. Reagent, 1% (w/v) in ethanol. 

8. Methylene dichloride. Redistilled. 

9. Ethyl ether. Purified by extraction with 5% aqueous ferrous sulfate 
and then distilled from sulfuric acid. 

Procedure 

In u 20-ral. aliquot of a pooled 24-hour urine sample 10 gm. of am- 
monium sulfate are dissolved. The steroid conjugates are extracted 3 
times with 10-ml. portions of ethcr-cthanol (3:1, v/v). The pooled ex- 
tracts are filtered and brought to dryness under reduced pressure at 
40®C. The last traces of water are removed by the addition of small 
amounts of ethanol. The dry residue is dissolved in ethanol, filtered, 
and brought to a known volume. Duplicate aliquots containing 20-30 
fig. of total 17-ketosteroids (1/250 of a 24-hour urine collection) are 
next pipetted into glass-stoppered, 40-ml.-capacity test tubes and the 
alcohol evaporated under a stream of nitrogen at 40°C. The residues are 
dissolved in 25 ml. of 4^0 TCA and 2 gm. of sodium bismuthate are 
added. After shaking in the dark for 2 hours the sodium bismuthate is 
removed by centrifugation and 20 ml. of the supernatant pipetted into 
60 ml. of diluting fluid. The aqueous mixture is extracted once with 10 ml. 
of methylene dichloridc and twice with 5 ml. of the same solvent. The 
combined methylene dichloride extracts are washed with 5 ml. of re- 
agent S and then with water until neutral. The methylene dichloride is 
evaporated under a stream of Na at 40°C. and the dry residue dissolved 
in 4 ml. of benzene containing ethanol {5% v/v) . Then AljOa (400 mg.) 
is added and the tubes gently agitated for 2 minutes and centrifuged. 
Three-millimeter aliquots are evaporated to dryness for the 17-ketosteroid 
determinations. The dry residues along with standards (20-40 ftg.) are 
dissolved in 0.05 ml. each of ethanol and reagents 6 and 7, respectively. 
A reagent blank is also prepared and, after mixing, the tubes are placed 
in the dark for 60 minutes at 25°C. Ethanol (2.50 ml.) is next added 
and the optical densities of each tube read at 440, 500, 520, and 620 m/u 
in a Beckman DU spectrophotometer. Corrected optical densities arc 
obtained by using the Allen correction equation. The 17-ketogenic steroid 
value is iound by subtracting the 17-ketosteroid values obtained prior 
to oxidation from those obtained after bismuthate oxidation. 

Impurities may cause high readings at 440 m/t but are usually cor- 
rected by the Allen correction equation. When readings at 500 m/t ex- 
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ceed those obtained at 520 ni/i, the results must be looked upon with 
skepticism. 


C. Flxjorometkic Methods 


1. General 

Molecules which are excited by incident radiation sometimes emit 
light. The light-emitting process is due to a change of the energy states 
of the molecules going from an unstable to a stable form. In this 
transition, the excitation energy from the incident light which was ab- 
sorbed by the molecules is dissipated as light immediately after irradi- 
ation ceases and is called fluorescent light. The incident light is usually 
of a different wavelength than the fluorescent light. Thus, even though 
fluorescence is intimately related with the absorption spectra of a sub- 
stance or solution, the fluorescence spectra usually differ in many respects. 
Under ideal conditions, absorption of incident radiation by solutions or 
substances of known concentrations follow Beer’s and Lambert’s laws. 
On the other hand, under the same conditions, fluorescence is directly 
proportional to the concentration of the fluorescing material unless the 
quenching phenomenon intcrfere.s. This plienomenon "is believed by 
many workers to be due to collision.s between excited and stable 
molecules, in which excitation energy is dissipated otherwise than by 
fluorescence. Such collisions may involve molecules of a foreign sub- 
stance (giving (]ucnching by impurities) or those of the fluorescent sub- 
stance itself (self-quenching)” (Braunsberg and Osborn, 1952). 

Difficulties arising from q.ienching as well as from other causes may 
be experienced in the fluorometric measurement of adrenal steroids in 
biological extracts. One of these is due to the fact that structurally re- 
lated steroids have different fluorescent spectra on a qualitative and 
quantitative scale. For this reason methods and procedures have been 
devised which will measure one or a small group of adrenal steroids 
specifically. If a more quantitative picture is desired, it may be obtained 
by separating all the steroids in the extract by chromatography. Each 
steroid is then treated individually with fluorescence-inducing reagents. 
Measurement, however, is limited by the availability of a sufficient 
number of fluorometric methods which can measure all the steroids. 

Mineral acids are usually added to biological extracts or to pure 
adrenal steroids before fluorescence is induced by incident radiation. 
When working with ractracts, this creates another difficulty which is 
inherent in the use of fluorometric methods. Because acids react non- 
specifically with many nonsteroidal substances, the extracts must be 
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meticulously purified before the addition of the acid reagents. In most 
cases, the procedures necessary to obtain the degree of purification re- 
quired are very tedious. For this reason, the fluorometric methods are 
not usually applicable to routine adrenocorticosteroid quantitation. In 
addition to the above difficulties, the specificity of fluorometric methods 
as applied to adrenocorticosteroid quantitation depends on such factors 
as the concentration of the acid, the temperature, and the time of the 
reaction (Kalant, 1954, 1958; Goldzieher and Besrli, 1958) and must be 
carefully controlled. 

g. Sulfuric Acid Fhioresceuce 

Sweat (1951) reported fluorescence in sulfuric acid solutions of 
cortisol produced by an adrenal cellular constituent incubated with 11- 
deoxycortisol. Subsequently Sweat and Farr(;ll (1952) presented a fluoro- 
metric method which was outlined in detail later (Sweat, 1954, 1955). 
Briefly, it con.si.stcd of an initial ))etroleum ether-ethanol partition to 
remove most of the lipid material from the blood extracts. There next 
followed a purification stej) by chromatographing and separating the 
steroids in the extract on a silica gel column. The fractions known to 
be eluted with cortisol and corticosterone were then brought to dryuess 
and treated with the reagent (9:1, v/v concentrated sulfuric acid/etha- 
nol). Cortisol and corticosterone could then be quantitatively detejinined 
in 5 ml. of human venous adrenal or peripheral blood. The extreme care 
required for preparation of the silica gel' column limits the practical ap- 
plication of this method. T\\e column was found effective for the 
separation of cortisol from corticosterone fractions Imt could not delineate 
cortisol and cortisone or cortisone and corticosterone. Cortisone did not 
fluoresce and hence did not inteidere in the assay. Quenching effects 
were not observed in this method. Although not applicable to routine 
clinical assay of adrcnocorti costeroids, the method was sufficiently stand- 
ardized to allow an accurate cjuantitation of corticosterone and cortisol 
in nomial and in some i)athological states (Sweat, 1955). 

Peterson (1957) using a slightly modified procedure was able to 
present rigorous proof of the ju'esence and the identity of corticosterone 
in extracts of human perijiheral plasma run on Bush-type chromatograms 
by measuring the fluorescence of the eluted corticosterone zones. The 
sensitivity of the original Sweat procedure for measuring corticosterone 
w'as greatly improved by increasing the amount of ethanol used in the 
final reaction (7:3 v/v concentrated sulfuric acid/cthanol) . Under these 
conditions cortisol gave a galvanometer reading of 20 (corticosterone = 
100) whereas the value of the reduced derivatives of cortisol and cortisone 
were negligible. This showed a fairly high degree of specificity of the 
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diluted sulfuric acid reagent for corticosterone. Replacement of the 
initial purification step in the Sweat method (petroleum-ether/80% 
ethanol) by a Florisil chromatogram (Ely ef al., 1958) did not increase 
the specificity or the sensitivity of the original method. 

The difficulties involved in Sweat’s method for purifying plasma ex- 
tracts routinely led Zenker and Bernstein (1958) to propose a purifica- 
tion procedure based on the double-extraction technique of Silber and 
Busch (1956). By replacing the silica gel column (Sweat, 1954) and 
the paper chromatogram (Peterson, 1957) with an alkali washing of 
the chloroform extract of rat plasma the fluorescent method was con- 
siderably shortened and simplified. Estradiol-17)8 and presumably other 
estrogens which fluoresce in the sulfuric acid-ethanol reagent used (50/50 
v/v) were mostly removed by the aqueous sodium hydroxide wash. With 
this method of purification, fluorescence values of extracts obtained with 
adrenalectomizcd animals were of the same order of magnitude as with 
oophorcctomized-adrcnalcetomized animals. Physiological specificity of 
the method was reflected in a disappearance of fluorescence in bilaterally 
adrenalectomizcd rats. The levels of plasma corticosterone reported for 
the normal resting rat were high (33.3 ± 1.28/100 ml.) however, if 
compared with those obtained by other investigators (Silber et al., 1958; 
Guillemin ei al., 1958). 

To obtain more highly purified solvent extracts of plasma and 
adrenal tissue Silber and co-workers (1958) introduced a petroleum- 
ether partition prior to extraction of plasma or adrenal tissue (as a 
homogenate in 13% ethanol) with methylene dichloride. After washing 
the latter with sodium hydruxidc as in Zenker’s method the procedure is 
further simplified by adding the sulfuric acid-water reagent (8:2 v/v) 
directly to the methylene diohloridc The steroids are completely ex- 
tracted by the reagent. In this method cortisol gives only 33% of the 
reading given by corticosterone, and other adrenocorticosteroids which 
presumably would be extracted from blood plasma in the free form did 
not fluoresce. Tn spite of certain specificity limitations this method has 
practical application in the estimation of free cortisol and corticosterone 
in man (Silber et al., 1958). 

Because the rat produces mainly corticosterone (Bush, 1953; Elliott 
and Schally, 1955; Vogt, 1955; McKerns et al., 1958; Peron, 1960) the 
method is especially applicable to the determination of this substance in 
this animal. Because of its great sensitivity, it can be used to determine 
the level of corticosterone in the rat adrenal before and after ACTH 
administration (Silber et al., 1958; Moncloa et al., 1959). It has been 
used to evaluate suppressive activity of exogenously administered steroids 
on endogenous ACTH output (Peron and Dorfman, 1958). Other ap- 
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plications of the nietliocl have been directed at determining the relative 
production of fluorescent- and ultraviolet-absorbing compounds released 
by incubated rat adrenal glands (Fortier, 1969) . This fluorescent method 
has also been used for the determination of the phase relations of 24- 
hour periodicities in mouse blood corticosterone (Hal berg et al., 1959). 

The specificity of the method of Silber et al. has been verified by 
isolating corticosterone, present in rat adrenal glands, on paper chromato- 
grams (Moncloa et al., 1959). The corticosterone quantitated by the 
fluorometric method of Silber et al. (1958) was 12fl% relative to that 
found by a standard colorimetric BT assay. When aflded to plasma the 
recovery of corticosterone (0.1-2.0 /ug./ml.) in one case amounted to 
100.3 ± 0.4 (Guillemin et al., 1958) and 101-107% when added at levels 
ranging from 0.1 to 0.8 fig. per 0.2-1.0 ml. of plasma (Silber et al., 1958) . 
As with Zenker and Bernstein’s method physiological specificity was 
established. Very low levels of fluorescence (Guillemin et al., 1958; 
Silber et al, 1958) were obtained in adrenalectomized or hypophys- 
ectomized rats. A method has been proposed which eliminates this 
residual fluorescence (Moncloa et al., 1959) yielding negligible values for 
rat adrenal corticosterone 24 days after hypophysectomy (Peron et al, 
1959). It is simpler than that proposed by Silber et al. (1958), aa it 
eliminates reading the extracts in sulfuric acid of different concentrations 
(see page 253) . 

So far as is known, the methods discussed above have had limited 
clinical application. Because they make possible the measurement of only 
a limited number of steroids in biological material the simplicity of 
colorimetric methods is still preferred for quantitating adrenocorti- 
costeroids. The fluorometric methods are mostly used for investigation 
purposes and can be used to supplement the information obtained by 
the simpler colorimetric methods. In addition, and probably of greater 
importance, will be their application to the study of effects of steroids 
at the cellular level and problems related thereto. There is also the 
possibility that differential fluorometric methods will be developed which 
will enable the assay of all adrenal steroids which are considered to re- 
flect adrenal cortical function. There have been some suggestions along 
these lines leading to fluorescent methods which are less sensitive 
(Goldzieher and Besch, 1958) than those discussed above. 

S. Phosphoric Acid Fluorescence 

Because of the lack of correlation of the estrogen values obtained 
by bioassay and those by fluorometry (Finkelstein, 1948), Zondek and 
Finkelstein (1952) indicated that a substance called X fluoresced in 
phosphoric acid and interfered with the fluorometric assay of estrogens. 



6. ADBENOCOBTICOSTEROIDS 


251 


They showed that this material was a neutral substance which could 
be separated with ease from the estrogens by extracting an ether extract 
of acid-hydrolyzed urine with 1 N sodium hydroxide. The ether extract 
could then be made the subject of further purification and X determined 
by addition of phosphoric acid which caused it to fluoresce. The substance 
was isolated from the urine of a case of congenital adrenal hyperplasia 
and identified as pregnane-3a,17a,20a-triol-ll-one (pregnanetriolone) 
(Finkelstein et al., 1963). It is excreted in relatively large amounts only* 
in cases of adrenal hyperplasia (Finkelstein, 1959). A closely related 
steroid (pregnanetriol) , which also fluoresces in phosphoric acid, is ex- 
creted in large amounts in cases of adrenal hyperplasia (Butler and Mar- 
rian, 1937) , of adrenal- virilizing tumor (Mason and Kepler, 1945) , and, 
in small quantities in the normal individual (Cox and Marrian, 1953; 
Finkelstein, 1959) . It would appear, therefore, that a fluorometric assay 
method which would permit the simultaneous determination of both 
these substances would be ^'aluable in interpreting adrenocortical func- 
tion. 

Because of the lability of pregnanetriol to acid the original method of 
Zondek and Finkelstein (1952) could not be used because hot acid 
hj’’drolysis is involved in the method. This led to the development of an 
analytical procedure based on an enzyme hydrolysis of urine with 
y8-glucuronidase followed by extraction, purification, etc. (see Chapter 5), 
which could be used for the simultaneous determination of the afore- 
mentioned steroids (Finkelstein and Goldberg, 1957; Finkelstein and 
Cox, 1957; Cox and Finkelstein, 1957). This method, which is suitable 
for clinical use, was found to be .sufficiently sensitive for the determi- 
nation of pregnanetriol and pregnanetriolone in a 0.05-aliquot of a 24- 
hour urine sample of individuals suffering from adrenal hyperplasia. 

In the nonnal adult, in very young children and infants, and in 
certain cases of Cushing’s syndrome where the level of pregnanetriolone 
is extremely low, the sensitivity of the method had to be increased for 
the detection of 1 to 2 /ig. of the steroid in a 24-hour urine specimen. 
In this modification (Finkelstein, 1959), several additional purification 
steps were introduced to make the elimination of nonsteroidal fluorogenic 
material almost absolute. Because of considerable pregnanetriol loss, 
however, the procedure was not found suitable for its determination. 
Thus, by ‘the use of a highly sensitive, specific, and applicable fluoro- 
metric method one can probably differentiate most oases of virilizing 
syndrome caused by congenital adrenal hyiierplasia on the one hand 

♦A recent report by R. P. Sherman, R. I. Cox, and A. Gannon has showp that 
this substance is also excreted in the urifie of Stcin>LeventhaI patients. Lancet 
pp. 260-261f, Feb. 4, 1961. 
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(“adreno-cortical heterofunction," see Finkelstein, 1959) and by adrenal 
tumor on the other. The determination of pregnanetriolone is discussed in 
detail in Chapter 5. 

Fluorescence on Paper 

Another practical aspect of fluorometric methods is their applicability 
to direct and quantitative determinations of minute amounts of certain 
adrenal steroids on paper chromatograms. Ayres et al. (1957b) have 
developed a fluorescence method for the microanalysis of A*-3-keto- 
steroids on paper chromatograms sprayed with an alkaline BT reagent. 
After the chromatograms arc dried the areas containing A^-3-ketostcroids 
are cut out by means of a template which then fits into a paper carrier. 
This is next positioned so that incident light from a mercury vapor lamp 
illuminates the steroid spot. The induced fluorescence is measured by 
means of a suitable photomultiplier and corrected for the fluorescence 
given by an equal area of the same chromatogram containing no steroid. 
After extensive purification of urinary aldosterone and cortisol (Ayres 
et al., 1957b) this method was found applicable to 0.2 pg. of A'‘-3-keto- 
steroids. It is imperative that nearly all impxirities be removed from an 
extract prior to the final chromatography because these may either 
enhance or quench fluorescence. In an analysis of four A^-3-ketostcroids 
spots (two of them standards) , the coefficient of variation of the estimate 
was found to be between 6 and 10% ..(Ayres et nl., 1957c). The great 
sensitivity of the method is indicated by a linearity of the fluorescent 
readings over a concentration range of 0.5 to 4.0 /xg. of a steroid spot 
occupying an area less than 2 cm. in diameter. 

6, Alkaline Fluorescence 

The development of fluorescence in aqueous alkaline solutions has 
not been possible at the present moment. In fact, the presence of water 
inhibits or quenches the molecular species which arc r(!S])onsible for 
alkaline fluorescence. Abelson and Bondy (1965) circumvented this prob- 
lem by using potassium tertiary butoxide in.stcad of aqueoiis sodium 
hydroxide for the determination of A‘‘-3-ketosteroids. The temperature, 
the time at which the reaction is carried out, and the concentration of 
the reagent arc three important factors which affect the results. There is 
no reaction unless the entire system is kept anhydrous. Because of dif- 
ferent peak fluorescence intensities of several steroids (range 54.1-74.8) 
relative to cortisol (^=100) this method cannot be applied to the quantita- 
tive determination of a complex mixture of A^-3-ketosteroids. Its ex- 
treme sensitivity (0.01 pg. of cortisone acetate) , on the other hand, will 
make it ideal to confirm the findings obtained by the paper fluorometric 
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method discussed above or in instances where extremely small amounts 
of pure A^-3>ketosteroids are isolated. 

a. Method of Silber et al. {1958) as Modified by Moncloa et al. {1959) 
for Tissue and Plasma Corticosterone in the Rat 

Materials and Reagents (chemicals are all analytical reagents) 

1. Concentrated sulfuric acid. Reagent, approximately 30 N, 8 vol- 
umes of sulfuric acid are added to 2 volumes of glass-distilled water. 

2. Sodium hydroxide pellets. Reagent, 0.1 N, 4.0 gm, dissolved in 1 
liter of distilled water. 

3. Methylene dichloride. Prepared as described previously for the BT 
determination. 

4 . Petroleum ether. Boiling point 30°-60°C. 

5. Corticosterone standard. Six micrograms per milliliter of absolute 
ethanol. 

6. Tubes. Thick-walled glass-stoppered, 10 ml. capacity. 

7. Centrifuge. Table model. 

S. Spectrofluorometer. Aininco-Bowman or a comparable instrument. 

Procedure for Corticosterone in the Rat 

Adrenal tissue. Rat adrenals cleaned of adherent fat arc homogenized 
with 2.0 ml. of 33% ethanol in an all-glass tissue grinder and made 
up to a final volume of 5.0 ml. with water (original volume). After 
centrifugation at high speed (3400 r.p.m.) for 5 minutes the supernatant 
is frozen until ready for use. Aliquots of 0.5, 0.7, 1.0, and 1.2 ml. re- 
spectively, are taken from each original volume and made up to a final 
volume of 2.0 ml. with 13% ethanol in 10-ml. glass-stoppered tubes. 
Each sample is washed with 5.0 ml. of petroleum ether which is removed 
by aspiration. The samples are next extracted with 4.0 ml. of dichloro- 
methane, the aqueous phase removed by aspiration, and then the di- 
chloromethane is washed with 1.0 ml. of ice-cold 0.1 N sodium hydroxide. 
After careful removal of all the sodium hydroxide phase, 3.0 ml. of re- 
agent 1 arc added, the tubes shaken, and the sulfuric acid phase removed 
and read after 50 minutes in the spectrophotofluorometer. The activation 
monochromator is set at Amnx. = 470 ra^i and the fluorescence mono- 
chromator at Amax. = 525 m/i. The photomultiplier microphotometer sensi- 
tivity knob is set at a position which will give a reading of 40 with an 
uranine sample of known concentration (0.006 ng. per milliliter of water) . 
The slit arrangement is No. 5 on the Aminco-Bowman instrument. With 
each experimental run, a four-point standard curve is carried out (0.06- 
0.24 fig.) . In all cases the extraction and washing steps are accomplished 
by shaking the stoppered tubes by hand for exactly one minute. After 
each extraction the sample is centrifuged for 5 minutes at 2000 r.p.m. 
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PUutna. Aliquots of 0.6, 1.0, and 1.4 ml. of the plasma are used. After 
additions of 13% ethanol or water to a final volume of 2.0 ml., the ex> 
tractions are carried out as above. Since emulsions usually form at the 
sodium hydroxide washing stage and cannot be completely broken at 
2000 r.p.m., 2.0-ml. aliquots of the clear dichloromethane extract are 
transferred to clean glass-stoppered tubes before the addition of sulfuric 
acid. 

Blank determination. Because the quenching phenomenon is absent in 
the analysis of rat plasma or adrenal tissue (Peroaand Dorfman, 1959; 
Moncloa et al., 1959) fluorescence intensity is a linear function of the 
size plasma or tissue aliquot used. If lines are drawn through the values 
obtained for the plasma or tissue aliquots and are extrapolated to zero- 
aliquot concentration they usually intercept the ordinate at points above 
the origin. Values of 9.1 ±5.8 (± standard deviation) for 153 plasma 
determinations and 9.2 ± 5.0 in 238 adrenal tissue determinations were 
obtained (Moncloa ef al., 1959) . In each individual determination, there- 
fore, the ordinate plasma and tissue values (blanks), respectively, arc 
subtracted from plasma and tissue readings obtained with a certain 
known volume of the aliquots. This presumably corrects for “residual 
fluorescence” (Guillemin et al., 1958) and possibly other nonspqpific 
fluorescing chromogen (s). The corrected fluorometric readings are re- 
ported as micrograms of corticosterone from a standard corticosterone 
curve obtained in the same manner. 

D. Radioisotopic Methods 

The application of isotopic techniques in conjunction with reliable 
chemical assay methods to quantitate steroids has been extremely help- 
ful in resolving jiroblems concerned with rates of metabolism, apparent 
distribution volumes, and turnover rates of some steroid substances 
(Brown et al., 1954; Peterson et al., 1955; Migeon et al, 1956c, d, 1957; 
Ayres et al, 1957a). Such information would have been difficult to 
obtain with nonradioactive steroids administered in physiological quanti- 
ties. 

The isotopic dilution method proposed by Cope and Black (1958) 
for the determination of endogenous cortisol output in man deserves 
special mention because of its relative simplicity. A small (juantity of 
C**-cortisol of known specific activity (disintegrations per minute per 
unit weight) is given orally and the urine collected for a 24-hour period. 
The small amount of administered steroid after absorption becomes part 
of the cortisol pool. The assumption is made that the administered 
cortisol is metabolized in the same manner as the endogenous cortisol. 
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Therefore, all the known and unknown metabolites of Uie exogenous ma- 
terial will be present in the same proportion as those of the endogenous 
cortisol. Consequently, a proportionate distribution (or dilution) of 
radioactivity results in the endogenous cortisol and all its metabolites. 

The total C^*-counts (o) in the 24-hour urine pool are next deter- 
mined. The steroid metabolites are isolated in pure form by paper 
chromatography and are quantitatively estimated colorimetrically. When 
the number of counts have been determined, the specific activity of a 
suitable metabolite (e.g., tetrahydrocortisone) is calculated (6). The 
daily cortisol production is then estimated by dividing (a) by (b). An 
absolute value cannot be obtained because not all the products of 
cortisol metabolism are excreted in the urine during the first day. The 
values obtained by this method are believed to be in the range of 80 to 
100% of the theoretical value (Cope and Black, 1958) . 

One of the chief advantages of the method, aside from its simplicity, 
is that the accuracy is not appreciably affected by decreased steroid out- 
put as in hypoadrenalism or hyijopituitarism. This is in contrast to the 
standard colorimetric inetliods in which accuracy is greatly decreased 
when readings obtained with the extract approximate those obtained with 
the blank reagents. AVith the isotopic method, the amount of metabolite 
which can be isolated (by using larger aliquots of urine) is still sufficient 
to make its determination accurate. 

One limitation of this method is that it cannot be used to detect rapid 
changes in adrenal activity (e.g., after ACTH administration) since it 
is based on an almost complete recovery of the material injected and 
necessitates the collection of 24-hour urine samples. In such cases, 
standard colorimetric methods or the isotopic method proposed by Peter- 
son and Wyngaarden (1956) must be used. 

Still simpler methods incorporating the principles of isotoi)ic dilution 
have been proposed for the determination of individual adrenal steroids 
in blood and urine extracts (Peterson, 1957 ; Ayres et al,, 1957a) . 

An exact amount of standard steroid of known specific activity, and 
chemically identical with the steroid to be isolated, is added to the ex- 
tracts. After preliminary purification (^) of the extract with sodium 
hydroxide (Peterson, 1957) or on silica gel chromatograms (Ayres et al., 
1957a) the steroid is isolated on paper chromatograms in a pure form and 
the specific activity and the amount present accurately determined. The 
substance is considered pure when the specific activity remains constant 
after several purifications yielding the free substance or a derivative. 
The quantitative recovery of the material sought is not essential since 
its concentration in the original extract is calculated from the specific 
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RCtivity data. Thus, the specific activity of the original pure steroid 
added when divided by that which is obtained for the substance eluted 
from the final paper chromatogram gives a measure of the steroid present 
in the original extract. 

Two prerequisites limit the application of this method. One is the 
availability of specific and sensitive methods for quantitating minute 
amounts of the steroids isolated, and the other is the availability of tJic 
radioactive steroid to he added to the original extract. The first is par- 
tially fulfilled by fluoronietric methods (see previous sections) which can 
be applied to some but not to all adrcnocorticosteroids. The second is 
more difficult to satisfy since at present only a limited number of adreno- 
corticosteroids with sufficiently high specific activities arc commercially 
available. For these reasons, isotopic methods such as these are still 
limited for use at the practical and clinical level where large numbers of 
determinations must be carried out. No doubt, in the near future a greater 
selection of radioactive steroids w'lll become available in sufficient quan- 
tities and numbers to make their usi* commonplace in routine analysis. 

E. Othkk Methods 

In addition to the methods and procedures discussed in the foregoing 
sections others have been proposed for estimating adrenocortical hor- 
mones. For instance, Gornall and MacDonald (19.53), instead of using 
the sulfuric acid-phenylhydrazinc hydrochloride reagent as in the Porter- 
Silber method (Porter and Silber, 19.50), employed 2,4-dmitrophenylhy- 
drazine in an alkaline medium to fonii the colored products of the ster- 
oids. The steroid phenylhydrazones which wi're formed w'cre then meas- 
ured colorinietrically. Unfortunately, as indicated by Gornall and 
MacDonald (1953), the method was laborious. Two objections which 
contraindicate its use are: (1) The blank color fades on standing and 
(2) a wide variation in optical densities obtained with different steroids 
limits the quantitation of complex mixtures of adrenocorticostcroids found 
in biological extracts. 

Other methods of detenniiiing adrcnocorticosteroids which arc exem- 
jilified by the polarographic method of Morris and Williams (1953) or 
by oscillographic polarography (Moravek, 1959) can be used. However, 
their application to routine analysis of adrenal steroids is not practical. 
In fact, at present the technical difficulties in applying these methods to 
quantitating steroids are such that they must be carried out by highly 
competent workers using special instruments. They are used, therefore, 
mostly at the research rather than at the routine level. 
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IR'Cuiuse of the recent intense interest in the raised amounts of 
aldosterone in various clinical conditions and also in the mode of control 
of the hormone, there are now a large number of methods of assaying 
aldosterone. These are so numerous that it is impossible for one group 
of investigators to have had direct experience of all the methods. There- 
fore, while the authors intend to describe representative examples of 
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all types of assay which arc of practical importance, when there is a 
choice of method, they have preferred to present details of the ones with 
which they have had direct experience. It is not implied that these are 
necessarily the best available. In any case the choice of method will 
depend to a considerable extent on the equipment available to the opera- 
tors. 


1. Biological Assay 
A. Introduction 

The development of a sensitive electrolyte bioassay for the meas- 
urement of the effects of adrenocortical steroids together with that of 
paper chromatographic systems by Bush (1952) and Zaffaroni and 
Burton (1951) for their separation were the two major advances in 
methodology which enabled the successful isolation and identification of 
aldosterone in adrenal gland extracts, adrenal vein blood, and human 
urine. Much of the early information concerning the production and ex- 
cretion of this hormone, both in physiological and pathological con- 
ditions, was obtained by means of biological assay. Following the iso- 
lation of aldosterone, methods based on the physicochemical properties of 
this steroid were developed for the routine assay in urine and adrenal 
vein blood. However, since these have only been developed in the last 
few years, bioassay is still being used \fy several groups for estimations 
of this compound in biological materials. Latterly bioassay has also 
been used for the detection of possible sodium-excreting compounds and 
for the investigation of aldosterone antagonists which are now being 
synthesized. A consideration of the bioassay methods for these purposes 
would therefore seem to be relevant at this time. 

During the early studies on the biological effects of adrenocortical 
extracts only indirect methods using growth and survival of adrenal- 
ectomized rats (Gartland and Kuizenga, 1936; Grollman, 1941) or the 
muscle fatigue test of Everse de Fremery (Rmchstein and Shoppee, 
1943) were available for the assessment of activity with respect to elec- 
trolyte metabolism. These methods were, of necessity, of long duration 
and required large amounts of material. The more direct methods which 
measured the alteration of the levels of sodium and potassium in plasma 
or urine of intact or adrenalectomized dogs (Hartman and Spoor, 1940; 
Harrop et al., 1936; Thorn and Engel, 1938) or rats (Wirz, 1950) were 
subject to wide variations arising from external factors such as diet or 
temperature. Large amounts of material were still required but esrima- 
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tions of urinary sodium had the advantage of ease of technique as well 
as sensitivity. 

In 1947 Dorfman et al. suggested that the excretion of radioactive 
sodium by adrenalectomized rats could be used as the basis for a sensitive 
and simple method for the assay of the sodium-retaining effects of 
adrenocortical steroids since as little as 1 /tg. deoxycorticosterone could 
produce significant sodium retention compared with oil-injected con- 
trols. A similar procedure based on the increased excretion of radio- 
active potassium (Dorfman, 1949) promised equal sensitivity. As a result 
of those findings, several groups were stimulated to develop quantitative 
procedures suitable for the assay of small amounts of material. The 
main technical difficulties were considered to be the ensuring of complete 
voiding of the bladder before injection of the test materials and 
the subsequent quantitative collection of the urine. Failure to accomplish 
the former could lead to the excretion of sodium unaffected by the 
action of the steroid, thus reducing the sensitivity of the method, and 
incomplete collection of urine could lead to increased variation. Most 
of the methods evolved used a high sodium or water load and/or ligature 
of the urethra to reduce these effects. 

B. Rat Assay 

1. Estimation of Radioactive Sodium and for Potassium 

(а) Dorfman et al. (1947) employed adrenalectomized rats weighing 
100-170 gra. The material to be tested was injected subcutaneously in 
0.26 ml. corn oil followed 1 hour later by the injection of 1 or 2 ml. 
of an aqueous solution of sodium chloride (35 fig. per gram body weight) 
containing a tracer dose of Na*'* after which urine was collected for 6 
hours. The urine samples wore dried and assayed for radioactivity and 
the results expressed as radioactive sodium excreted as a percentage of 
the injected dose. Under these conditions deoxycorticosterone as the free 
alcohol or acetate produced sodium retention compared with the oil- 
injected controls whereas cortisone and cortisol at levels of 60 /tg. or 
more produced sodium excretion. The, method has been used for the 
assay of sodium-retaining activity of a number of steroids but no dose 
response curve has been published. 

(б) Singer and Venning (1953), using a slight modification of this 
procedure, involving the ligature of the urethra at the same time as the 
injection of the test material and tracer dose of Na**, obtained a linear 
response against log dose of 1-20 /tg. deoxycorticosterone acetate. There 
was considerable day-to-day variation in the sensitivity of the animals 
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which could be overcome in part by expressing the results as a percentage 
reduction of the mean control value. 

(c) The method of Simpson and Tait (1952) was an extension of the 
Dorfman procedure whereby Na*'*'* and K'*® were injected simultaneously 
in a solution containing a very low sodium and comparatively high 
potassium load (27 and 381 /xg., respectively). The time of urine col- 
lection was shortened to 2 hours after the injection of the isotopes, th(! 
compounds to be tested being injected in 0.1 ml. of 10 or 20^^' aqueous 
ethanol 1 hour earlier. It was hoped by this procedure to approach a 
true balance experiment which would also permit the measurement of 
the effects of such steroids as cortisol and cortisone whose action w'as 
of short duration only (\Mrz 1951; Kagawa and Van Arman, 1957). 
The assay, which employed immature adrenalectomized rats (40-50 gm.) , 
was sensitive to 0.83 /*g. deoxycorticosterone acetate and 0.4 /xg. of the 
free alcohol and gave a linear res[)onse to log dose deoxycorticosterone 
acetate over a range of 0.83 to 4.23 /xg. Cortisone and cortisol, in contrast to 
the findings of Dorfman et al. (1947) in their assa}', caused a lowering of 
the Na-'VK'^^ urinaiy ratio giving a linear regression against log dose 
and a potency ratio, using deoxycorticosterone acetate as standard, 
similar to that found in growth, survival, and levers*! rU* Freniery un*ecl(! 
tests. 

2. Estimation of Inert Sodium and/or Potassium 

Although the ease and speed of the measurement of the radioactive 
isotopes had much to commend it, the limited availability of the short- 
lived isoto})es to some laboratoi-ies made the mcasun'inent of inert 
sodium and potassium more convenient. In most case.s it. was found 
advisable to inject a high sodium and/or water load. 

(o) The method of Marcus ct al. (1952) increased the load to 5 ml. 
of 0.9^ soilium chloride by intraperitoneal injection which was given 
at the same time as the subcutaneous injection of the test material in 
oil, A reduction in the time of urine collection to 4 hours was found 
to increase the accuracy of the measurement. Urine was collected from 
pairs of rats and the sodium and potassium ('stimated by flame pho- 
tomctiy. A linear res[)onse was obtained wlu'n the urinary sodium ex- 
creted was plotted against the logarithm of the dose over a range of 
2.4 to 60 /xg. deoxycorticosterone acetate. No notable increase in ac- 
curacy was obtained when possible combinations of the data were 
analyze'd for the construction of a multivariate assay curve. 

(b) Farrell and Richards (1953) used essentially the same procedure 
except that no sodium load was given and urine was collected from 
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single rats over a 6-hour period. The response was cxiiressed as the 
lowering of the Na/K urinaiy ratio. 

(c) Doming and Luctsoher (1950), also using flame photometiy for 
the measurement of sodium and potassium, found that rigorous control 
of sodium intake and the substitution of a high water for a high sodium 
load led to increased sensitivity and decreased variation in their assay. 
The method, modified by Johnson (1954), used a cross-over test as 
suggested by Spencer (1950) which eliminated the variation in response 
from rat to rat. The results were expressed either as log K/Na urinary 
ratio or as \/Na excretion, both in terras of the corresponding values 
obtained after solvent control and standard injections. The log dose 
riisponse was linear fi'om 2 to 10 /ig. deoxycorticosterone acetate. 

(df) In order to iiKtreasc the sensitivity and precision of the assay, 
Kagawa ct al. (1952) combined a high sodium load (8.29 mg. as 2.5 ml. 
of 0.85% sodium chloride solution) with ligature of the urethras. The 
material to be assayijd wa.s given ns a divided dose at 0 and 3 hours to 
ensure continuing aetiAuty during (he period of urine collection. This was 
limited to 2 hours starting 1 hour after the second injection of the test 
material. The results were ('xpressed as sodium ajiiiearing in the urine 
as a percentage of the administered load. A colorimetric procedure was 
used for the determination. A linear log dose response was obtained be- 
tween 1 to 12 /Ag. deoxycorticosterone acetate. 


T)(Xi Assay 

J'he use of tlie ad renal cctomized dog permitted Liddlc et aJ. (1955) 
to develop an assay procedure which could also give some additional 
information on the acute physiological effects of the steroids tested. 
The material to be tested was injected intravenously thus avoiding 
variations in activity which could arise from different rates of absorption 
from the site of injection. The urine w'as collected by means of a 
retention catheter and hourly collections were analyzed for sodium and 
potassium by flame photometry. The cross-over design was employed to 
reduce variation caused by differences in sensitivity from dog to dog 
and the precision was also increased by expressing the results in terms 
of the “aldosteroid index.” This represented sodium and iiotassium ex- 
cretion during the second and third hours after injection expressed in 
terms of excretion in the 1st hour, when no consistent effect could be 
observed on either of these elements. No additional information was 
furnished by the inclusion of results obtained in hours 4 and 5. The log 
dose response curve was linear over* a range of 25 to 800 ng. deoxy- 
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corticosterone acetate, 0.187 to 2 /tg. aldosterone, and 1- to 32’hour 
equivalents of urinaiy extract, all of which showed no significant de- 
parture from parallelism. 

D. General Discussion 

The salient features of the methods described above are summarized 
in Table I. Two major differences are apparent; the first lies in the 
response to “glucocorticoids” such as cortisone ai^d cortisol and the 
second in the difference in the potency ratio of aldosterone to deoxy- 
corticosterone. The explanation for these differences probably cannot be 
attributed to a single cause since the action of adrenocortical steroids 
on mineral metabolism is of a very complex nature and includes the 
regulation of body compartment concentrations as well as effects on 
glomerular filtration rate and proximal and distal tubular reabsorption. 

1. Effect of Glucocorticoids 

It seems that either a high water or sodium load favors sodium ex- 
cretion rather than retention under the influence of cortisol and cortisone. 
Thus Simpson and Tait (1952) found that under load conditions siufflar 
to those used by Dorfman et al. (1947) cortisone acetate produced 
sodium excretion but had no effect on the urinary ratio, a 

finding similar to that of Johnson (195^) on the effects of 17-hydroxj’^- 
steroids on -y/Na excretion and the urinary K/Na ratio. The explanation 
for this may lie in the action of these steroids on glomerular filtration 
rate which is superimposed on their tubular reabsorption effects as has 
been suggested by Streeten et al. (1955). This, however, may not be the 
only factor involved. Wirz (1951) and Kagawa and Van Annan (1957) 
have shown that the effect of steroids such as cortisone and cortisol on 
electrolyte metabolism are of short duration only and that the period 
of sodium retention is followed by marked sodium diuresis similar to 
that found by Simpson and Tait (1950) for deoxycorticosterone. The 
net effect may be one of sodium loss, thus masking the period of retention 
unless a suitable time interval is used for the measurement. 

S. Potency Ratio 

The very high potency ratio of aldosterone to deoxycorticosterone in 
the “ratio method” of Simpson and Tait (1952) is not yet fully under- 
stood. The use of a short time interval for the collection of urine is 
probably an important factor. The low potency ratio found by Desaulles 
et al, (1953) using a modification of the Kagawa test where urine is also 
collected for 2 hours only, could be explained in part by the administra- 
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tion of the test materials as a divided dose 1 and 4 hours before the start 
of the collection. Then, if the action of aldosterone is of short duration 
only, the first injection may have little or no effect during the period of 
urine collection. In addition, the low sodium and relatively high potas- 
sium load used in the “ratio method” could be a contributing factor. 
Whatever the reason for the high activity of aldosterone in this test may 
be, it is quite clear that the injection of the radioactive isotopes is not 
required for this response. Mattox et al. (1953a, b) using essentially the 
same method but estimating sodium and potassium flame photometry, 
also obtained a potency ratio of aldosterone to deoxycorticosterone ace- 
tate of approximately 100:1. 

S. Choice of Response Parameter 

The increased availability of accurate and reliable flame ])hotonieters 
has led to a critical examination of the radioactive pi-ocedures for the 
measurement of sodium and pota.ssium. Venning et al. (1955) reimrted 
very good agreement for the log dose re.sponse curves of the inert and 
radioactive methods and the injection of a tracer dose of Na-‘ was there- 
fore omitted in their later work (see Table I, Method VT). Similarly 
R. M. Jones et al. (1957) carried out an analysis of variance for*thc 
two procedures and found no significant difference in the regr('ssion coeffi- 
cients nor in the position of the controls to the regression lines. There was 
a slight superiority in the inert method which could only be attributed to 
the smaller error variance, probably the higher error of the radioactive 
jnethod being due to the variation from animal to animal in the distribu- 
tion of the isotopes after injection'. Essentially the same findings have 
been reported by Llaurado (1956). Mattox et al. (1953a, bl found very 
little difference in the potency ratio of aldosterone to deoxycorticosterone 
acetate whether the inert or radioactive ratio was mea.sured. In their 
later work they i)rcferrcd the radioactive method but no reason was given 
for this and there api)ears to be little justification for the development 
of more accurate but also more complex procedures such as y-ray scintil- 
lation spectrometry (Orvis and Alb<*rt, 1955) for the estimation of the 
Na^*/K^® ratio for this [lurpose. 

The precision which can be obtained using these assays is dependent 
on a number of factors. Most workers agree that the postoperative en- 
vironmental conditions play an important part and strict temperature 
and humidity control as well as a constant diet are essential if consistent 
results are to be obtained. Variation from animal to animal can also be 
reduced by choosing a suitable response metaracter. Thus a bivariate 
analysis of variance or “analysis of dispersion” by R. M. Jones et al. 
(1957) of y = log Na-^ and 1/2 = log K'*- showed that Na-* alone yielded 
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much less information than Na** and together. No extra information 
was provided by considering Na^"* and K*® separately in addition to their 
ratio. It was also found that log was a more suitable mctameter 

than Na^VK*^- Johnson (1954) and Singer and Stack-Dunne (1955) 
likewise found the log of the ratio to be more satisfactoiy in that it gave 
a standard deviation which did not vary systematically with the mean. 
Similarly there was an increase in precision when the effect on potassium 
as well as on sodium was included in the response in the inert measure- 
ments, c.g., A = 0.27 for the ratio compared with 0.48 for \/Na (Johnson, 
1954) and A = 0.24 for “aldosteroid index” (see footnote g, Table I) 
compared with 0.37 and 0.48 for j)otassium and sodium, respectively 
(Liddle et al., 1955) . 

4. Index of Preemon and Sensitivity 

It can be seen from Table 1 that most of the bioassays have a very 
similar index of precision but slmw considerable differences in their sen- 
sitivity to aldosterone (amount necessary per animal). In order to pro- 
vide a valid basis for com])arison with physicochemical procedures, a 
factor bas(!d on the index of i)recision and sensitivity has been calculated 
for each of the assays li-sted (sec Table I “index of sensitivity”). This 
states the minimum total amount (given to all the animals) of aldos- 
terone reciuired for a 4-point, balanced assay to give fiducial limits of 
66-150% at P-0.95 (standard error about 20%) an error similar to that 
of most physicoclmmical estimations. With the exception of the dog assay 
(Liddle ei al., 1955) the over-all sensitivity of the biological methods is 
of the same order as tliat of the majority of the physicochemical pi'oce- 
dures (see Tables III and IV, Section ID, and only the methods using 
labeled reagent techniciues and the mo.st sensitive versions of the soda 
fluorometer method have greater sen.sitivity than tlie “ratio method” 
(Table I, assay V “index of sensitivity” 0.4 yg.). 

•■>. Salt-Excreting Effects 

Although there is little to choose between the physicochemical (except 
tliose employing labeled reagents) and biological methods on the basi.s 
of sensitivity and accuracy, the former have certain advantages which 
have become apparent during the last few years. Thus as bioassay w'as 
initially carried out on crude urinary extracts most workers reported a 
lack of correlation between the biological effect and the amount of uri- 
nary extract tested (Singer and Venning, 1953; Deming and Luetscher, 
1950; Genest, 1956), and some further purification of the extract was 
found to be essential. In some instances a single chromatogram on paper 
(Lieberman and Luetscher, 1960) or partition column (Ayres et al, 
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1957c) was sufficient to remove impurities and to give good agreement 
between the physicochemical and biological methods. However, in other 
cases more extensive chromatography was found to be necessary; thus 
Venning et al. (1956) reported that a single chromatography in the Bush 
B5 system (Bush, 1952) was insufficient to remove all the interfering 
substances. Methods based on sodium excretion alone proved to be par- 
ticularly susceptible to the presence of interfering compounds. Thus in a 
careful comparison between bioassay, ultra-violet absorption, and blue 
tetrazolium reaction, Dyrenfurth and Venning (1959) '^und that even in 
normal pregnancy chromatography in two (chloroform-formamide and 
Bush C) or three (Zaffaroni propylene glycol-toluene. Bush C and Eber- 
lein and Bongiovanni E 2 B) paper systems was required for agreement 
between the biological and chemical estimations. Moreover, in some 
pathological conditions even this extensive chromatography did not re- 
move all the compounds interfering wdth the biological estimation. 
Under such conditions there is clearly no advantage in using bioassay 
for the estimation of aldosterone particularly as the formation of the 
acetyl derivative, which has proved a useful tool in the separation of 
aldosterone from other 3-oxo-4-ene8, cannot be applied in this instance. 
It has been recognized since the early work that the diacctate of aldbs- 
terone had very little biological activity (Grundy et al., 1952). Mattox 
et al, (1953a, b) reported that aldosterone diacetate was about equi- 
potent with deoxycorticosterone acetate' in their assay, i.e., some 100 
times less active than the free compound or the 2l-monoacctatc. 
Acetylation on the 18 position also substantially reduced biological activ- 
ity to some 15 times that of deoxycorticosterone (Mattox, 1955). There- 
fore, purification through the diacctate would require preliminary hy- 
drolysis before biological assay. How’ever, this procedure has been devel- 
oped into a reliable method by Farrell et al. (1954). 

From these considerations of the bioassay procedures it is apparent 
that methods using the combined effects on sodium and potassium excre- 
tion as the response are more suitable for the estimation of aldosterone 
in biological extracts since they are less susceptible to interference from 
the presence of compounds such as cortisone and cortisol (see Table I). 
However, if information is required concerning the presence of possible 
sodium-excreting compounds, then assays using a high water and/or 
sodium load and the measurement of sodium and potassium excretion 
individually would be more applicable. Such methods have been used by 
Johnson (1954), Axelrad et al. (1954), Dcsaulles (1959), Uete and Ven- 
ning (1960), and Rosemberg et al. (1960) to demonstrate the natriuretic 
effects of synthetic and naturally occurring compounds. There are some 
disadvantages in the use of the rat as an assay animal for this purpose 
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since, as pointed out by Uete and Venning (1960), it is technically diflS- 
cult in small animals to separate the effects on tubular reabsorption from 
those on glomerular filtration, and Kagawa et al. (1957) have, therefore, 
preferred to use the urinary Na/K ratio to sodium excretion for measur- 
ing the blocking effects of the spirolactones on the salt retention pro- 
duced by aldosterone and deoxycorticosterone. In addition, as discussed 
by Gaunt (1959), there are a number of chemical substances which act 
as sodium and water diuretics in the rat but have little or no activity in 
dogs or human subjects. Thus 3/8, 16a-dihydroxypregnan-20-one which 
is natriuretic in the rat (Desaulles, 1959) appears to be devoid of action 
on sodium or water excretion in man (Coppage and Liddle, 1960). The 
use of dogs as an assay animal may therefore be preferable for, although 
susceptible to alterations in glomerular filtration (Garrod et al., 1955), 
studies on renal function can be carried out and the effects on glomerular 
filtration and on sodium and water exchange more clearly defined when 
using methods such as that of Liddle et al. (1955). 

6. Biological Assay in Blood 

Although it i.s now a relatively simple matter to measure the secretion 
rate of aldosterone in man (see Section VI, B) , the methods are not yet 
applicable to experimental animals. Bioassay is therefore still being used 
for the estimation of aldosterone in adrenal vein blood to assess the pro- 
duction rate of this hormone by the adrenal gland (Das Gupta and 
Giroud, 1959; Ganong ct al., 1959). In these cases a single chromato- 
graphic s(!paration has been found suflBcicnt to give a valid result. How- 
aver, at the present time no bioassay has sufficient sensitivity for the 
estimation of this hormone in reasonably small volumes of peripheral 
blood. Coghlan et al. (1960) have made ingenious u.«e of the biological 
effects of aldo.sterone to estimate the levels of this hormone in the blood 
of sheep by comparing alterations in the Na/K salivary ratio in animals 
with parotid fistulas with the lowering produced by intravenous infusion 
of different doses of dZ-aldosterone under standardized conditions. The 
observed changes in the Na/K salivary ratio coidd then be correlated 
with alterations in the secretion rate of aldosterone under different phys- 
iological conditions. The validity of these measurements has been con- 
firmed by concomitant direct estimations of aldosterone in adrenal vein 
blood (Denton, 1961). Unfortunately this technique is not easily ap- 
plicable to other experimental animals or to man where changes in the 
concentration of salivary sodium and potassium are small and the re- 
sponse to aldosterone may be obseuxed by fluctuations in the rate of 
salivary -flow. 



276 


8. A. 8. TAIT AND .T. F. TAIT 


II. Physicochemical Assay 

The isolation (Simpson et al., 1954a) and elucidation of the structure 
of aldosterone (Simpson et al, 1954b), by providing information on many 
physical and chemical properties of the free compound and its derivatives, 
stimulated the development of methods which did not involve bioassay. 

The following reactions suitable for micro work have been used for 
the measurement and identification of the hormone. .. 

A. Quantitative Methods 

1. Ultraviolet Absorption 

The ultraviolet absorption spectrum of aldosterone in ethanol has a 
maximum at 240 ± 0.25 ni/x, « ~ 16,000 wiiich is typical of molecules con- 
taining the 3-oxo-4-ene groujiing. The compound can therefore be detected 
on paper chromatograms from the absorjition of ultraviolet light (mer- 
cury line, wavelength 254 niju) and 0.5 j^g. of pure al(lo.sterone in 0.5 ml. 
ethanol (microcell, 1 cm. thick! will give a density of about 0.05 at 240 
mp 'which can be readily measured. However, as with nearly all mifi’o- 
methods for estimating steroids from biological material, tlu' sensitivity 
is defined more by the value and variation of the blank obtained than by 
the reaction of the pure steroid. Eluate.'* of pajier or columns, tend to have 
high blank absorption at this wavelength and it is nece.ssary to use con- 
trol paper areas or column fractions. By measuring the absorption at 235 
and 245 mp, an Allen correction can also be made ((lornall and Gwilliam, 
1957). IS'everlheless even if this is done variation in the blank values 
often limits the sensitivity of the method to about 3 pg. The method seems 
to be iiarticularly undesirable for the urinary assay of aldosterone (re- 
leasi'd from the 3-oxo conjugat'e) after fractionation of the free compound 
only, as most of the contaminants described by Nowaezynski et al. (1956) 
absorb ultraviolet at 240 m^ (cf. also Dyrenfurth and Venning, 1959) 
(Section V, B, 1). However, it may be that formation and chromatog- 
rajihy of the diacctatc will eliminate these impurities before ap{)lication 
of the ultraviolet method (Gar.st ct al, 1960) (Table IV, Method Q). 

2. Formazan Formation 

The reaction of a .steroid containing an o-ketol side chain with blue 
tetrazolium 1 3, 3'-dianisol-bis-4,4'- (3,5-diphenyl )tetrazolium chloride] at 
room temperature gives rise to a formazan which absorbs at 510 n\p in 
ethanol (Mader and Buck, 1952) and 560 ni/x in pyridine. The imsition of 
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these maxima may vary with the purity of the reagent (Nowaczynski 
et al., 1955) . The sonsitiN'-ity for pure steroids is of the same order as for 
the ultraviolet absorption method and again blank variation often reduces 
this to about 3 fig. Dyrenfurth and Venning (1959) have compared the 
blank values obtained after elution from various paper chromatographic 
systems and have found tin* Bush B5 to give the lowest values (2 fig./ 
8 cm.®) . The following methods seem suitable. 

a. Method of Novmrzynski (!t al. (1.95.5). Tetramethylammonium hy- 
droxide solution was prei)ared on the day of the reaction by adding 1 ml. 
of 10^ aqueous reagent to 9 ml. of 95% ethanol. To the dried extract was 
added 0.5 ml. of 95% ethanol, followed by 0.1 ml. of the l%i tctramethyl- 
ammonium hydroxide solution, and then 0.1 ml. of 0.5% (w/\') blue tetra- 
zolium in 95% ethanol. The .solution was then mixed and acidified later 
with O.l nd. glacial acetic acid after being left for 25 minutes at room 
temperature. The color was stable for 2 hours and the density was re- 
corded at 510 ui/t. A microci'll, 10 x 5 x 40 mm., with a 1.5-mm. rouml 
slit was used. 

The fonuazaii can be develo))e<l on jiaper and ehited with acidic i>yii- 
dine (Hoffmann and Staudingor, 1951'), tetrahydrofnran (Hoffmann and 
Stavidingci' ct al., 1952), or ethyl acetate-methanol (Touchstone and Hsu, 
1955). The merits of such a method have been discussed by Cope (1960) 
but it has not. yet been u.scd for the assay of aldosterone itself. However, 
it is part of a method foi' tlv' estimation of tetrahydroaldostiTone, a 
jnetabolite which retains the a-ketol grouping. 

b. Method of Liddle et al. {1901 ) ; cf. Section T, C2. The area of the 
])aj)er was pas.sed evenly ;ind (juickly throiigh 0.03% blue tetrazolium salt 
in 1 N sodium hydroxide. The color was developed for 5 to 10 minutes. 
The sheet was then .sprayed with 10/< acetic acid and allowed to be- 
come almost diy. TIh; areas containing formazan and appropriate paper 
blanks were eluted with 5 ml. of 10% Ht'l in i)yridine. I'he paper fila- 
ments in the pyridine solution wore centrifuged out and the absorbance 
of the supm-natant read at 500, 560. and 620 n\fi. An Allen type correction 
was used to obtain the den.«ity due to the formazan at 560 m/t. 

The formazan can tdso be estimated directly on paper without elution 
either by visual comparison (Nowaczynski et al, 1955) or by more quan- 
titative methods of densitometry (Bush and Willoughby, 1957; Bush, 
1960c) . The first type of estimation is often carried out in assays of aldos- 
terone before the development of soda fluorescence. The whole pro- 
cedure will be described in the next section. 

The specificity of the method is intrinsically low as other groupings 
such as the 3-oxo-4-ene also reduce the tetrazolium salt albeit weakly, 
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e.g., progesterone reacts appreciably. However, none of the contaminants 
described by Nowaczynski et aL (1956) react with blue tetrazolium in- 
tensely (Section V, B, 1) (Fig. 1). 

S. Soda Fluorescence 

After reaction of a steroid containing the 3-oxo-4-ene group with 
alkali, the product, under anhydrous conditions and on irradiation with 
ultraviolet light, fluoresces with an emission spectrum of maximum wave- 
length of about 560 m/*. For assays of aldosterone the'Teaction is usually 
carried out directly on paper although a method in solution has been 
published using potassium feri-butoxide (Abclson and Bondy, 1955). 
This has recently been applied for the assay of aldosterone by Staub 
et al. (1961). For direct reaction on paper, after spraying or dipping with 
a solution of sodium hydroxide, the chromatogram is then treated in dif- 
ferent ways by various investigators. Ayres et al. (1957a), and Brooks 
(1960) heat the paper for a short time before drying. Neher and Wett- 
stein (1956), Bush (1960a), Neher (1960), Gowenlock (1960), and Flood 
et al. (1961) recommend leaving the paper for a longer time, at a range 
of temperature from 20° to 90°C. The following procedure has been found 
to be satisfactoiy. * 

a. Method of Flood et al. (1961). Aliquots of one-third and two-thirds 
of an extract were applied to separate ppints on a paper chromatogram 
(Whatman No. 2, 9 in. wide) as two spots. Two standards of aldosterone 
(either free or as diacetatc) were chromatographed concomitantly and 
also small amount of dye (F 14 for free compound, F 11 for diacetatc, 
Ciba dyes) running at approximately the same speed as the standards 
which were placed on the edge of the paper parallel with the origin. An 
area of paper 9 by 7 in. was then taken with the blue dye in a central 
position and clamped in a stainless steel frame. Both sides of the paper 
were sprayed with a total volume of 20 ml. 0.005^ blue tetrazolium in 
10% aqueous sodium hydroxide. After comparing the formazan reaction 
of the standards and unknown spots visually, which takes about, 5 min- 
utes, the paper was placed in a saturated water vapor atmosphere at 
room temperature for 1 hour. It was then dried in a forced draft oven at 
56°C. for 20 minutes. The soda fluorescence of the unknowns could then 
be compared with the standards on viewing the paper with an ultraviolet 
lamp. Most investigators place the accuracy of this type of estimation 
(two unknowns and two standards) at about 25%. It could also be meas- 
ured by a fluorimeter in the following manner. 

b. Method of Ayres et al. il957d). The paper was irradiated with 
ultraviolet light which was filtered to eliminate all but the 365-m/yi 
mercury line. The emitted light was then filtered to pass light in the 
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region of a wavelength of 600 m/w. This particular secondary filter gave 
the highest signal-to-background ratio with reasonable sensitivity. Un- 
like most fluorescent methods the incident and emitted light could be in 
the same direction as, after spraying with blue tetrazolium solution, 
the paper largely absorbed the ultraviolet light. A template, which was 
rectangular in shape with a circular aperture straddled with intersecting 
cross wires, was placed on either side of the paper central to the fluores- 
cent spot and the position fixed with positioning pins. The paper was 
then cut to this shape and the other spots and a blank area were dealt 
with in the same way. The pieces were then placed in paper holders and 
the fluorescence measured. The reading for the blank was subtracted from 
those of the fluorescent spots and then 

unknown total amount of steroid 

known total amount of standard steroid ~ 

sum of two galvanomelicr niadings of unknown amounts 

sum of two galvanometer readings for standard 

and in this way the readings were weighed approximately according to 
their reciprocal coeflTicicnts of variation. Gowenlock (1960) and Sobel 
et al. (1959) report similar procedures using modifications of com- 
mercial instruments, Hilger H 700 Uvispek and Photovolt, Model 640. 
Another instrument, the Turner fluorimetcr available from Macallister 
Bicknell, Boston, Massachusetts can also be used. Ayres et al. (1957d) 
found that the blank values were equivalent to 0.5 ± 0.05 (S.D.) /«g. 
of aldosterone diacetate, the coefficient of variation of the over-all assay 
(two standards, 1 and 0.5 /tg. of aldosterone diacetate and two unknowns 
of about the same amount) was 6% and the response was linear if the 
spot was equal to or less than 2 cm. in diameter and 6 fig. in amount. 
Gowenlock (1960) and Flood et al. (1961) using slightly different 
methods of developing the fluorescence at a lower temperature have 
obtained similar results except that the blank values were found to be 
lower (about 0.25 fig.). Brooks (1960), after running the steroid on strips, 
reported that the blank values were equivalent to 0.2 ± 0.03 (S.D.) fig. 
of aldosterone diacetate, but the linearity of the response was restricted 
to the range 0-4 fig. only, probably due to the steroid being concentrated 
into a smaller area. These data indicate that 0.5 fig. of steroid (run in 
two spots with two standards) can be measured to about 15% accuracy 
and Barttcr et al. (1960) (Method K, Table III) have applied the method 
for the assay of adfenal venous blood at even greater sensitivity (about 
0.25 ;*g. total). On scanning the soda fluorescence and radioactivity of 
0.04 fig. H®-aldosterone on a paper chromatogram, Tait and Tait, 1960, 
observed good correlation of the two parameters. It seems therefore that 
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by using a scanning device, which is an accessory in the Turner fluorim- 
eter, the sensitivity could be increased to 0.1 /»g. (about 30% coefficient 
of variation). 

The specificity of this reaction for a particular steroid grouping, i.c., 
the 3-oxo-4-ene (Neher, 1959) is extremely high. However, other com- 
pounds which contain this structure such as the contaminants described 
by Nowaezynski et al. (1956) may still interfere with the assay of 
aldosterone and the specificity of methods using the reaction must still 
depend on previous chromatographic separation. Although the presence 
of impurities giving blue fluorescent spots, which are common in biologi- 
cal extracts (von Euw et al., 1959), may interfere with the visual esti- 
mation, the use of a yellow filter (Bush and Willoughby, 1957) reduces 
this as docs the secondary filter in the fluorimeter method. The method 
does not seem to be particularly sensitive to the quenching effects of 
impurities (Ayres et al., 1957d) , although this has been investigated only 
following column chromatographic purification of the extract before the 
final paper chromatogram. 

4. 2,4-Dwitrophenylhydrazme Method 

Gornall and MacDonald (1953) and Gornall and Gwilliam (1^7) 
reported that after reacting aldosterone with 2,4-dinitrophenylhydraziTie 
for 5 minutes at 20°C., the hydrazone had an absorption maximum of 
450 nifi which is given hy all 3-oxo-4-enes. After heating for 90 minutes 
at 69°C., the maximum shifts to 460 in/i and the extinction coefficient 
is approximately doubled. This is partially due to the formation of a 
hydrazone at the 20 position. HoweAx*r, as deo.xycorticosterone has a 
lower extinction coefficient at this wavelength there is a j)ossibility that 
the 18-aldehyde also reacts. Whatever the reason the absorption spectrum 
after heating is rather different from other similar steroids and this has 
been the basis of an assay method. The following procedure has been 
used to measure aldosterone isolated from urine. 

Method of Moolennar (19d7). The residue was dried and dissolved 
in 0.1 ml. of ethanol and 0.1 ml. of 2.4-dinitrophenylhydrazine solution 
[200 mg. 2,4-dinitrophcnylhydrazinc (recrystallized from n-butanol) in 
100 ml. of 4 iV H 2 SO 4 prepared fresh every day] added. The reaction 
was allowed to proceed by heating for 25 minutes in a boiling water 
bath. The insoluble product was coprecipitated by addition of 0.1 ml. 
7% sodium benzoate solution in water. The precipitate was washed twice 
with 2 ml. of a washing solution (1 N sulfuric acid, saturated with 
benzoic acid to which 1 drop/l(X) ml. of a 5% solution of Teepol was 
added) followed by centrifugation. The washed precipitate was dis- 
solved in 1 ml. alcoholic sodium hydroxide solution (3 gm. NaOH in 
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100 ml. 50% ethanol). The extinction of this solution and standard 
aldosterone was then recorded at 460 and 500 m/i and then 

Mg. aldosterone _ - A’wo , 

in extract " ytllj},"""** - ^ amomd m Mg- 

Aldosterone has a niaximuin absorption at about 460 m/x under these 
conditions, (.'ortisone and cortisol have a inaxiiuum at 480 ni/x; therefore 
this calculation produces a zero value for these steroids and reduces the 
influence of nonspecific chroiuogens. It is claimed that washing the 
precipitate eliminates the color from eontiol blank oluates. 

Dyrenfuilh and Venning (1959) have used the 2,4-dinitrophenyl- 
hydrazine method a.s described by (tornall and Gwilliam (1957). They 
compared the blank values oI)tuined aft('r various ))Hj)cr chromatographic 
jirocedures and found the E^B system to bo the best in this respect. 

5. Method of Lewhart and Mattox [1960, 1961) 

Mattox and Lowbart found that in the i)resence of copper ions and 
oxygen, the a-kctol side chain is converted to the 20-ketone, 21-aldehyde 
grouping which gives an ab.sorption maximum at 410 m/x in the Porter- 
Silber reaction (])henylhydrazine-.sulfuric acid). This reaction might be 
expected to be more specific than that with tetrazolium salt as grouj)s 
vvliich reduce slightly, such as the 3-keto-4-ene, will not react with the 
Porter-Silber reagent. Tt may be particularly useful for the estimation 
of tetraliydroaldo.sterono (Melby, 1960) for which the, soda fluorescence 
n'action cannot be employed. 

Steroids weie dissolved iii 0.U5 ml. methanol, 0.05 ml. of 0.005 M 
cupric acetate in methanol (1 mg/ml.) added and the mixture left to 
stand for 50 minutes in air at room temperature. The Porter-Silber reac- 
tion was then carried out with the usual reagents but at room tempera- 
ture for 45 minutes. The reaction with the 20-keto-21-aldehyde group was 
relatively fast and a maximal density was obtained after 30 minutes. 
Aldosterone had a maximum absorbance (e = 19,500) at 400 m/x. Paper 
blank was 0.3 /xg. eq./30 cm.® Four tenths to eight micrograms of aldos- 
terone could be estimated. 

6. Formation of Salicyloi/l Uydrazune (('hen. 1959) 

Chen reiiorts that 3-oxo-4-cncs react with salicyloyl hydrazide to 
form characteristic hydrazones. 

To the dried steroid is added 0.1 ml. salicyloyl hydrazide solution 
(13.6 mg. in 10 ml. ethanol), 0.01 ml. glacial acetic acid, and 0.5 ml. 
ethanol. This is heated for 30 minutes at 60°C. and then evaporated to 
diyness. The residue is then chromatographed on the Bush B5 system 
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when the aldosterone-salicyloyl hydrazone remains on the origin. The 
origin is cut out, covered with 2.5 ml. 50% aqueous ethanol and heated 
briefly. The solvent is decanted into a cell and the absorbance measured 
at 270, 295, and 320 m/x and an Allen correction applied to the peak 
density at 295 m/i. 

This method has been applied to the assay of aldosterone in urine 
(Chen, 1959). 

7. Labeled Reagent Methods 

The use of labeled reagents for microanalysis has become general in 
biochemical applications. Keston et al. (1949) used I^®^-pipsyl chloride 
(p-iodobenzenesulfonyl chloride) to determine amino acids. In this ver- 
sion of the method complete recovery of the derivative was required. 

o. Labeled Derivative as Indicator. This disadvantage was partially 
overcome by Keston et al. (1950) who added a known quantity of the 
S**-labeled pipsyl derivative of the particular amino acid after the 
preparation of the I“^-pipsyl derivative. The isotopes could be reversed 
depending on the specific activity required and whether it was preferred 
to have the short-lived isotope (P®^, 8 days) in the reagent or indicator. 
In the double isotope technique a value for the amount of amino acid 
initially present could be calculated from a measurement of the 
or ratio. This method (Bojeson, 1956, 1958; Bojeson and Degn, 

1960) has been applied to the analyris of cortisol and aldosterone in 
blood. In this case, I^®^ indicator and S®® reagent were used. 

C^*-Acetic anhydride was used to detect and aid in the elucidation of 
the structure of aldosterone (Simpson and Tait, 1952; Simpson et al., 
1954a) and (Avivi et al, 1954). H®-Acetic anhydride has been success- 
fully used to estimate cortisol in plasma (Avivi et al., 1954) but early 
attempts to use this reagent to measure aldosterone in peripheral blood 
failed because of the presence of impurities on the final chromatogram. 
Kliman and Peterson (1960) have successfully employed H®-acetic 
anhydride to measure aldosterone in urine and adrenal venous blood. 
In this method aldosterone diacetate (C^^-carboxyl) was added as 
indicator after acetylation of the original extract with H®-acetic an- 
hydride. The advantages of this method are several: 

(i) Such methods have an almost limitless potential sensitivity, de- 
pending only on the specific activity of the reagent. This can be high 
enough, so that 10“® fig. of the original material can be detected. In 
practices, the sensitivity is limited by the amount of background radio- 
activity in the final measurement. These labeling methods differ from 
those using inert reagents in that only impurities reacting with the 
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label^ reagents and subsequently not separated from the reqtrired 
steroid derivative can contribute to the blank values. Thus precautions 
such as the use of specially purified solvents are not necessary following 
tlie preparation of the derivative. 

(ii) Every estimation is unaffected by losses in the procedure after 
the indicator is added. Other methods depend on a series of control ex- 
periments for their estimate of recoveries. The automatic correction for 
losses in the isotope dilution method also allows the use of highly ef- 
fective but wasteful purification procedures. This advantage is common 
to the application of isotope dilution methods to all assay procedures 
but is particularly necessary in labeled reagent methods where rigorous 
and extensive fractionation is required. 

(iii) The purity of the derivative can be tested in every estimation 
by a survey of the isotope ratios obtained after the final separation 
procedure. 

(iv) If the labeled derivative is added as the indicator, its specific 
activity need not be high as it does not react with the reagent. 

The method has certain disadvantages: 

(i) The method has little intrinsic specificity as any compound con- 
taining acylable hydroxyl groups will react with the labeled reagent. The 
specificity of the results, therefore depends almost entirely on the frac- 
tionation procedures used, both before and after the preparation of the 
derivative. Although the purity of the derivative can be rigorously tested, 
there may be cases in the measurement of ^x‘ry small amounts of ma- 
terial in biological fluids when the method may prove to be unsuitable 
because of the presence of labeled impurities in the final sample (Avivi 
et al., 1954). Svendson (1960) has described some typical difficulties in 
the application of the pipsyl method to the measurement of estrogens 
in plasma. Generally it has been found that it is necessary to chromato- 
graph more than one derivative of the assayed hormone before the final 
isotope ratio is constant. 

(ii) The method is expensive and laborious and requires specialized 
equipment. 

(iii) When the indicator added is a labeled derivative, recovery is 
only allowed for following the reaction and therefore must be quantita- 
tive until after this stage. This will generally require great excess of 
reagent which is usually expensive and the steroid cannot be fractionated 
extensively before the reaction. 

(iv) Bojesen (1960) reports that if the reagent is not destroyed im- 
mediately after the esterification, it may react with trace amounts of free 
steroid added together with the indicator. In this case, the criterion of 
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uniform isotope ratio will not indicate that a large blank reading exists. 
For this reason, even in method (b), carrier should not be added until 
the reagent is removed. 

b. Labeled Free Steroid as Indicator. Some of those disadvantages 
may be overcome by the initial addition of labeled honuone, of negligible 
weight, to the extract. The specific activity of the indicator steroid must 
be extremely high as it will react with and be measured by the labeled 
reagent and the amount added must be subtracted from the final estimate. 
If the quantity added is high the error of the cstiiSiiate of the steroid 
initially present would be impractically large. C^‘*-Aldosterone could be 
added for the application of the H®*-acetic anhydride and I’“^-pipsyl 
reagent methods. In the latter case reagent would have to be prepanul 
or supplied at monthly intervals. The .shelf life of the H“-acetic an- 
hydride is about 3 months. However, C’‘*-aldosterone is not yet generally 
available and the maximum specific activity eventually to be offered is 
likely to be about 20 mc./milliinole. This would require the addition of 
about 5 ni/xg. of Cl'^-aldosterone giving oO c.j\m. (counting efficiency 
50%) for a method with an over-all recoveiy of 20%. This would limit 
the sensitivity of the method routinely to about 25 m/j.g. and maximally 
to 10 m/tg. but would allow the use of the inexpcuisive reagent H-^-acetic 
anhydride (20 /unole per reaction at 400 me. /millimole would cost $7). 
7-lP-Aldosteroue of 20 nc./fig. specific activity, is ginierally available and 
for a method with the same recovery but with the usual -IP counting 
efficiency of 15%i, 0.2 m/xg. of added aldosterone would give 250 c.p.m. 
and 0.5 m/ig. of the hormone could be measured. This is adequate 
sensitivity even for the as.say of the hormone in human i)cripheral blood 
(3 ni/ig./lO ml. plasma). Recently, | l,2]-TP-aldosterone of specific ac- 
tivity, 100 /xc.//tg., has been prepared (Laumas and Gut, 1961) which 
increases the potential sensitivity of the method c^•en moie. As the rea- 
gent, S®®- or I’^^^-pipsyl or G’‘‘-acetic anhydride could be luscd. However, 
their specific activiticis would have to bo about 40 /tc.//u,mole to achieve 
this sensitivity and assuming 20 /xinole of the reagent can be used for the 
reaction, the cost ])cr determination would be $60, 5, and 5 for C^**- 
acetic anhydride. S'*®- and l^®^-pipsyl reagent, respectively. These are the 
current prices from commercial sources when purchased in a reasonable 
quantity (1(K) me.). The prices would be considerably lowered if the 
reagents were made in the laboratory. For the estimation of larger amounts 
of aldosterone' the specific activity anel cost of the reagent could be 
correspondingly lowered although for routine use it might be more con- 
venient to retain the higher specific activity and reduce the counting 
time for the C’"* assay. 

The use of labeled reagents other than acetic anhydride and p-iodo- 
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bcnzenesulfonyl chloride would be attractive and this possibility remains 
to be explored. 

c. Measurement of Isotopic Ratios, (i) Directly on paper. In the ap- 
plication of the derivative indicator methods the HVC“ or 
ratios must bo measured. The S®® and 1'®^ can be readily assayed and 
resolved directly on a paper chromatogram. The ()8-ray energies, 
0.61 and 0.34 mev.) is as.sayed with a mica window counter and an 
aluminum filter (about 0.056 mm.) which absorbs completely the S®® 
jS-rays (energy 0.17 mev.). The S®® plus I^®‘ is then assayed by removing 
the filter. The amounts of the individual isotopes present can then be 
calculated (Svendson, 1960). The simplicity of this measurement is one 
of the advantages of the pipsyl method carried out in this form. Usually, 
however, afttw direct assay on paper it is necessaiy for the derivative to 
be eluted before measurement of the ratio in order to obtain greater accu- 
racy. 

(ii) Liquid scintillation counting. The ratio is inorc usually 

obtained bj’ litiuid scintillation counting. The radioactive steroid is dis- 
solved in a pliosphor solution. The resultant number of light ijuanta 
emitted per fi~n\y is greater for than for II®. Hence the pulse size 
of the outimt of the pliotomultiplier detectors will be dilTcrent for the 
two isotopes and tliey can bo resolvi'd by counting at different amplifier 
and/or discriminator .settings. Better characteiistics arc obtained by 
leaving the disei-iminator settings fixed ami vaiying the imlse size by 
altering the high voltage on the photomultiplier tube.s (Tricarb) or the 
over-all amidification (Trucerlab). The following is a typical procedure: 

The steroid was dissolved in 10 ml. of phosphor solution (4 gm. 
diphenyl oxazolt* and 100 nig. POPOP per liter IoIucih') which was 
l)laced in a low potassnnn glass vial (\\ heaton Glas.s, New Jersey). After 
cooling, the vial was counted in a rricarb Model 314DC with dis- 
criminator settings of 10 to 50 volts. At diffor(*nt high voltages on the 
photomultipliers the following efficiencies for and H® were found: 
1140 volts, 14.1% H® and 9.1% 828 volts, 0.63% H® and 56% 

and 745 volts, 0.006% 11® and 47.1% C^*. The respective backgrounds 
were 28, 10, and 10 c.p.m. The Traccrlab characteristics are very sim- 
ilar; 1140 volts represents a setting which w'as just above the balance 
l>oint (above maximum reading) for H®. This point was chosen be- 
cause the efficiency was considerably reduced without much lower- 
ing of the tritium counts; 828 volts represent a position just below the bal- 
ance point for C’*. By counting at two of these [lositions the counts of 
both isotopes can be calculated by the solution of a simultaneous equa- 
tion. The principles and errors of this type of assay have been discussed 
(Okita ^t al., 1957; Tait and Williams, 1952; Kliman and Peterson, 1960) . 



286 


S. A. S. TAIT and 3 . F. TAFT 


The error depends on the relative and absolute quantities of and H® 
present but if at least 2000 c.p.m. are obtained at each position then the 
coefficient of variation of the ratio is of the order of 6%. If the lowest 
voltage (745 volts) is chosen for measuring the calculations are sim- 
plified because the II® efficiency is negligible. However, this setting is 
considerably below the balance point for which leads to greater in- 
stability. Nevertheless it may be necessary to count at this voltage when 
the H®/C^‘* ratio of the sample is high. 

The Tricarb machine (Model 314 DC) provides a^two-channel system 
which when the lower gate (10-50 volts) is operated to count mainly H®, 
an upper gate assays mainly and therefore as two scaler units are pro- 
vided the two isotopes can be measured simultaneously. However, because 
the upper gate has only one variable discriminator (lower level), and 
because of the characteristics of the amplifier, the measurement of C^'* is 
inaccurate unless large amounts of isotope are present. Modification.s of 
both the Tricarb and Tracerlab machine (separate amplification for both 
channels), however, are now available which enable the character- 
istics detailed above for various high-voltage positions to be operated 
simultaneously and this should halve the counting time or increase the 
sensitivity of the usual procedure. * 

Quenching corrections must occasionally be carried out by the ad- 
dition of an internal high-activity standard after counting the sample. 
The sample plus standard are then recounted and from a knowledge of 
the activity of the standard alone, the quenching correction can be 
calculated. If quenching of both H® and is observed, it is simpler to 
assay a duplicate sample and add a H® standard to one, and a 
standard to the other, although this can be carried out on the same sam- 
ple by adding the standards in turn. It is advisable to run a standard with 
all assays and it is most important that this should be prepared exactly as 
for the other samples. Some steroids tend to adsorb onto glass when dis- 
solved in the pure toluene which is used for liquid scintillation counting. 
It is therefore advisable to add 2 % ethanol either to the stock solution 
of scintillator or to the sample. As this causes slight quenching, it is 
important to add this to the standard solution also and to count the 
standard at the same electronic settings. 

B. Methods of Identification 

It is often desirable in assays of aldosterone to check the identity of 
the material in the final purified extract. In addition to the reactions 
previously described, which are suitable for quantitative estimations and 
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should agree with one another, there are other more qualitative tests 
which can also be carried out on a microscale. 

1. Infrared Spectroscopy 

Infrared spectroscopy of the free compound in chloroform or potas- 
sium bromide disk may be performed. With suitable techniques (N. R. 
Jones and Sandorfy, 1956), the absorption spectrum in the carbonyl 
region can be obtained with 6 /tg. steroid. The carbonyl peaks in chloro- 
form at 6.25 and 5.98 p, are typical of those found with steroids having 
the 3-oxo-4-ene grouping and that at 5.86 p is due to the unconjugated 
20-keto group. The weak extinction of this latter peak is the only dis- 
tinguishing feature. Because of hemiacctal formation, there is no peak 
due to the 18-aldehyde (Simpson et al., 1954b). 

2. Sulfuric Acid Chromogen 

The absorption spectrum developed by leaving aldosterone in con- 
centrated sulfuric acid for 2 hours at 20°C. has a single peak at 288 rap. 
After heating the same solution for 1 hour at 90°C., peaks are obtained 
at 247, 285, 342, and 460 m/i. This test could be carried out on 6 p%. 
steroid in 0.5 ml. sulfuric acid (Simpson et al, 1954a) . 

3. Phosphoric Acid Chromogen 

After heating aldosterone in a solution of 3 ml., 100% phosphoric 
acid [79 gm. phosphorous pentoxide (Bakers) in 100 gm. 85% phosphoric 
acid (Mallinckrodt) ] for 20 minutes at 107°C., the absorption spectrum 
of the product has a single peak at 280 m/x (Nowaczynski and Steyer- 
mark, 1956). This can also be carried out with 6 pg. steroid but be- 
cause of its high viscosity, the reagent has to be handled at 100®C. 

4. Negative Tests 

Most steroids on paper chromatograms, after being treated with 15% 
phosphoric acid according to the method of Neher and Wettstein (1951), 
fluoresce on being viewed with ultraviolet light of a wavelength about 
360 rap. However, aldosterone gives no fluorescence and this reaction may 
be used as a test for impurities (Simpson et al., 1954a; Baulieu et al., 
1956) . Five micrograms of cortisol and corticosterone give brilliant 
fluorescence. 

The phenylhydrazine-sulfuric acid (Porter and Silber, 1950) or sul- 
furic acid/phosphoric anhydride (Steyermark and Nowaczynski, 1955) re- 
actions in solution or the Zimmermann reaction in solution or on paper 
(Bush and Willoughby, 1957) can also be used to detect the presence of 
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Fig. 1. The running properties of alclosterono and possible contaminants in various paper chromatographic systems. Approximate 
R values taken from Neher (1959), Neher and Wettstein (1960), Nowaczynski et al. (1956, 1957, 1958), and Genest (1961). Com- 
pound IV travels with compound TII in all sy stems where the position of compound III is indicated. 
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impurities. Aldosterone gives a negative test with all these methods. It 
is of interest in this connection that 18-hydroxydeoxy corticosterone, and 
therefore perhaps certain other 18-hydroxy a-ketols, gives a positive 
Porter-Silber reaction (Peron, 1961). Thus tetrahydroaldosterone gives a 
negative reaction but the contaminant 3«,]8,21-trihydroxy-5)8-pregnanc- 
11,20-dione reacts positively. 

5. Paper Chromatography of the Free Steroid 

No other compound, either of known or unknown identity, has been 
reported which runs at the same speed as aldosterone in the seven paper 
chromatographic systems sliown in Fig. 1. As low as 0.25 pg. of aldoster- 
one can bo detected as a single si)ot by soda fluorescence and therefore 
a complete investigation of tlicse running properties can be carried out 
with 2 pg. of the honnouc. 

6. Formation of Derivatives 

a. Diacetate. The 18,21 -diacetate (compound III, Fig. 2) can readily 
be produced from aldosterone in quantitative yield. The free steroid is 
dissolved in 0.3 ml. of pyridine, and 0.15 ml. of acetic anhydride is a(Jded. 
The mixture is left for 15 hours at 20°C. The solution is then evaporated, 
1 ml. of methanol added and taken to dryness in vaevo. The product 
can then be characterized by its running properties in various paper 
chromatographic systems (Table II) , e.g., in the ]>ropylene ’glycol-toluene 
system the diacetatc runs at the same speed as 1 1 -dehydrocorticosteronc 
monoacetate (Simpson ct al., 1954a). It can usually be detected by 
tetrazolium and soda fluorescence reactions or radioactivity if C^* or 
H*-acetic anhydride is used as reagent (Simpson and Tait, 1952). The 
diacetate is only weakly active in most bioassoys but the free compound 
may be regenerated by hydrolysis with potassium bicarbonate (Simpson 
et al., 1954a) or enzyme (Mattox et al., 1953a; Farrell et al., 1954). The 
infrared spectrum of the diacetate dissolved in carbon disulfide shows 
the expected peaks in the carbonyl region due to the 3-oxo-4-enc and 

20- oxo groups. The acetoxy peaks in this region are superimposed 
perhaps due to the proximity of the 18 and 21 groups. The sulfuric 
acid chromogen of the free aldosterone and its diacetate should be 
identical. 

b, 11,18-Lactone 21 -Monoacetate. Oxidation of the diacetate ■with 
chromic acid (Section V, B, 4) gives a unique product, which can be 
identified by its running properties in the Cy-Di system of Kliman and 
Peterson (1960) (Rueoxrcorami = !)• Presumably this is the 11,18-lactone 

21- monoacetate of aldosterone (compound VI, Fig. 2) which is also 
produced by chromic acid oxidation of aldosterone 21-monoacetate 
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Fw. 2. Compounds of interest in assay methods for aldosterone. 


(Simpson et al., 1954b) and nins at tho same speed as 11 -dehydrocorticos- 
terone monoacctatc in the propylene glycol-toluene system. This is a 
useful derivative for identification purposes and for applications of the 
labeled reagent method (Kliman and Peterson, 1900) but the yield on 
oxidation of the diacetate is not quantitative. 

c. y-Lactone. This compound (V, Fig. 2) is readily formed by chromic 
or periodic acid oxidation of aldosterone (Simpson et al., 1954b). Aldos- 
terone was dissolved in 0.7 ml. methanol, and 1.3 ml. sodium periodate 
solution was added (1.25 gm. NaaHsTOo was suspended in 70 ml. of dis- 
tilled water and 2 N sulfuric acid, 3.85 ml. was added until the salt dis- 
solved and the pH was 3-4. The solution was finally made up with water 
to 100 ml., about 10 mg. Na 2 l 04 per milliliter) . After 2 hours the solution 
was evaporated to dryness in vacuo". Sulfuric acid (2 N) was added 
until the pH was approximately 1 and this was extracted 3 times with 
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chloroform-ether (1:3 v/v) which was then washed with aqueous solu- 
tions. The solvent was then taken to dryness in vacuo. 

The yield of the lactone under these conditions is quantitative. It can 
be identified by its running properties in the Bush B6 (i2aarei.o«t«.r<me = 1) 
(Simpson et aL, 1954b) and formamide-cyclohexane-benzene (1:1 v/v) 
(6.5-hour running time, lactone 19.3 cm. and adrenosterone 22.3 cm.) 
(Dyrenfurth and Venning, 1959) systems using soda fluorescence as the 
method of detection. The infrared absorption spectrum has a peak at 
5.6 II in the carbonyl region due to the lactone in addition to the usual 
3-oxo-4-ene peaks (Simpson et al., 1954b). This derivative is stable and 
sublimes easily. It may therefore be useful in gas chromatographic 
methods. 

Tetrahydroaldostcrone (XII, Fig. 2) can also be identified by the 
foi-mation of the corresponding lactone under these oxidation conditions 
(Ulick and Kusch, 19611. 

For an examination of the accuracy of a (luantitative assay, it is 
necessary to check whether all the final density, fluorescence, or radio- 
activity is due to aldo.sterone iiself. Therefore, if a derivative is formed 
from the final extract during the investigation, it is advisable to ai)ply 
an isotope dilution method to correct for recoverJ^ An example of such 
an investigation, as applied to the specificity of a plasma cortisol method, 
has been described by Peterson cf al. (1957). 


III. Methods of Purification 

None of the reactions described with ilic possible exception of some 
bioassay i)rocedurcs have great spccilicity and the accuracy of most 
methods will therefoin* depend entii'cly (ui the efficiency of the preceding 
purification. 


A. Initial Purification 

The degree of initial purification ret|uired will d(^pend on the nature 
of the analyzed biological material and the capacity and properties of 
the later higher resolution systems. The capacity of these subsequent 
systems for steroids and certain impurities is in descending order: 
column partition chromatography, paper chromatogra[)hy w'ith impreg- 
nated stationary phase such as the Zaffaroni et al. (1950) and Mattox 
and Lewbart (1959) systems (Fig. 1), and the type of paper chromatog- 
raphy, where the stationary phase is applied by equilibration, such as 
those described by Bush (1952) and Eberlein-Bongiovanni (1954). How- 
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ever, because certain polar impurities such as phospholipids may affect 
the resolution of column partition systems, particularly when they are to 
be reused, initial purification is advisable. 

The first stage in an assay usually consists of the extraction of 
aldosterone from an aqueous phase with methylene dichloride or chloro- 
form. The partition coefficient of aldosterone (concentration in solvent/ 
concentration in water) (Flood et al., 1961) in these systems is 33.0 and 
27.2, respectively. From the studies of Burstein (1956) on the partition 
coefficient of C21O5 and C21O6 steroids in aqueous ^iloroform and ethyl 
acetate solvent systems, it might be expected that ethyl acetate would 
be a superior solvept. However, not only is the partition coefficient of 
aldosterone in chloroforra/water (27.2) rather better than expected 
(cortisol 9.5) but the ethyl acetate/water coefficient is considerably worse 
(aldosterone 3.8, cortisol 15.1) (Underwood et al., 1961). Therefore, 
ethyl acetate is not the preferred solvent for aldosterone as it is for 
other steroids with the same number of oxygen atoms. It may, however, 
be the solvent of choice for the extraction of tetrahydroaldosterone. Tl\is 
has not yet been thoroughly investigated. The exact procedures employed 
wdll depend in an ad hoc manner on the biological material and wl^pther 
aldosterone or a metabolite is being measured. They will be detailed indi- 
vidually in the later sections. In some cases, the extracted material is now 
sufficiently pure for it to be applied directly to the column (Tait el ah, 
1961b) or on the paper (1 mg. per centimeter, 30 mg. total) in Zaffaroni 
systems (Brooks, I960). In most cases, however, further solvent partition, 
silica gel adsorption chromatography, or single-phase ])aper chromatog- 
raphy is required. 

1. Solvent Partitioning 

The extract can be purified by partition between water and benzene 
(10:1 v/v). The water is then extracted with chloroform (Baulieu et al., 
1956). 

The extract can also be dissolved in 1.5 ml. ethanol; then 5 ml. water 
is added and the mixture washed with 3 volumes cyclohexane. The 
aqueous phase is extracted with 7 volumes dichloromethane (Kliman and 
Peterson, 1960). 

£. Silica Gel Chromatography 

Adsorption chromatography of the extract on neutral and relatively 
inactive silica gel hsis been the most frequently used method of initial 
purification. It is quick, convenient and efficient and recoveries are ex- 
cellent. The silica gel from most commercial sources e.g., Davison can be 
used without further treatment for this purpose. 
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a. Method of Bush and Sandberg (1953). A slurry of 3 gm. of silica 
gel (Davison, mesh size 60—200) was made with petroleum ether [b.p. 
80—100 (Skellysolve C)]— ethyl acetate (1:1 v/v) mixture and poured 
into a glass column, 1 cm, in diameter, with a total of 15 ml. solvent. The 
dried extract was then put onto the silica column with a total of 18 ml. 
of the same solvent in 4 washings. The corticosteroids were then eluted 
with a total of 8 ml. methanol-ethyl acetate (1:1 v/v) ; 0.01 jitg. labeled 
cortisol and aldosterone in an extract were eluted from this column 
with a recovery of over 95%. 

b. Method of Neher and Wettstein (1955). The crude extract was 
dried dissolved in chloroform and put onto a 2.5 gm. silica gel (Davison, 
200 mesh) column, prepared as a slurry in CHCls (ratio of height to 
diameter of the column about 4), It was then washed with 50 ml. chloro- 
form-acetone (99:1 v/v) and eluted with 100 ml. chloroform-acetone 
(1:1 v/v). 

3. Single-Phase Paper Chromatography 

This method was introduced into the steroid field by Bush (1952). It 
involved spotting the extract along a lane, 1 cm. in width, and running 
an ascending chromatogram with a single phase (ethyl acetate-chloro- 
form, 1:1 v/v). The steroids move on the solvent front and are finally 
concentrated into small rectangles on the origin of the subsequent par- 
tition ehromatogram. Lipids and certain pigments remain along the lane 
and the procedure is essentially reverse phase chromatography. The 
advantage of this procedure is that it combines initial purification with 
the application of steroid to the paper, which has to be carried out in 
any case if the subsequent partition chromatography is on this material. 
It can also be applied to several extracts simultaneously but has lower 
capacity than silica gel column chromatography. One disadvantage is 
that steroid is occasionally irreversibly lost by adsorption in this pro- 
cedure. 

a. Method of Bush Applied by Gowenlock (1960). The extract con- 
taining aldosterone was spotted along a lane and ascending chromatog- 
raphy, using in this case ethyl acetate-methanol (1:1 v/v), was carried 
out to concentrate the steroid at the distal end of the strip. The same 
paper is then used for the subsequent partition chromatography in a 
Bush system. 

b. Method of Schmidt and Staudinger (1954) Applied by Dyrenfurth 
and Venning (1959) . A tank, containing 1 liter of water saturated witli 
heptanol and 300 ml. heptanol in a separate container, was used for the 
purificatidn. The extract was applied along 17 cm., normally to the 
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direction of solvent flow, on Whatman paper No. 1 (washed with dis- 
tilled water). Twenty-five milliliters of water saturated with heptanol 
were then run down the paper for 6 hours after equilibrating for 3 
hours. Urinary pigments and lipids were left at the origin and the 
steroids eluted for the subsequent chromatography in Zaffaroni systems. 
Dyrenfurth and Venning (1959) claim that this reverse phase method has 
advantages over silica gel chromatography and solvent partitioning. 


B. Paper and Column Partition CHRoMAToouAPitY 

Many different paper and column jiartition systems have been used 
for the fractionation of aldosterone (Fig. 11, its derivatives (Table IT) 
and metabolite, tetrahydroaldostcrone (Section V, C’l in assay methods. 
The Zaffaroni and Mattox-Lewbart systems use paper impregnated with 
foriuamidc or propylene glycol as the stationary i)hasc and benzene, 
chloroform, toluene, or a mixture of butyl acetate, n-butanol, and water 
as the mobile phase. The Bush, Eberlein-Bongiovanni and Kliman and 
Peterson (I960) paper systems emjdoy aqueous mixtures (water with 
methanol, ethanol, or butanol) as the stationary phase and benzene or 
toluene alone or with petroleum ether (b.p. 80-100°C.) or ethyl acetate 
(Bush), cyclohexane with benzene or dioxanc (Kliman and Peterson, 
1960) or isooctane <erf-butanol ffilzB) as mobile phase. The a((ueous 
phase is applied in the conventional manner by prior eiiuilibration 
of the pajier with the vapor of the .stationaiy pha.se. Although tin* 
Zaffaroni systems have been used on i)artition columns for the prejiaration 
of aldosterone (Mattox et al., 1953a, b), only the Bush solvent systems 
have bi'on used on columns for assay methods. 

1. Principles 

The ability of a jiartition system to separate two steroids will de- 
pend on the difference of partition coefficients of the compound in the 
solvent system and the resolution of the chromatographic procedure. 
Tliis resolution dej)ends on a constant (number of theoretical plates in 
a fixed length of column or number of theoretical plates per centimeter 
of steroid movement on paper, which is an intrinsic property of the 
system and can be experimentally detennined). It is also dependent on 
the manner in which the procedure is operated. Thus the over-all re- 
solving power can be defined as the minimum fractional difference in 
the partition coefficients of two steroids which would result in their 
separation (2.3% mutual contamination) in the particular system (Tait 
and Tait, 1960). Then, on this basis, the resolving power 
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= — ■ ■ X — '■ ■ 

V theoretical plate value Vl — 

where 

_ movement of position of maximum concentration of solute 

~ simultaneous movement of solvent front in either column or 
paper methods 

Therefore the higher the theoretical plate value and the lower the R 
value, the better the separation of the steroids. This is particularly so 
as diffusion effects are negligible in most partition systems (Tait and 
Tait, 1960). It is therefore preferable to operate paper systems with 
low Rf values and long running distances of the steroids. Under these 
conditions, for a steroid run for 25 cm. at low Rf values, the theoretical 
plate value is about 900. When operated at an Rf of 0.4, and when the 
soh-ent front is run to the end of the pai>cr, the resolution of a paper sys- 
tem is reduced about three times. The resolution is also reduced when 
the extract contains large amounts of impurities or steroids. In this case 
the steroid spreads apiireciably and a large cut must be taken to ensure 
(quantitative recovery. Thus when a paq)er system is used for the first 
separation, the equivalent number of theoretical plates is only about 
100. This could be improved by the application of isotope dilution tech- 
niques, but probably not by more than a factor of two. The theoretical 
l)latc value of a 60-cm. partition column is about 900 and this is not 
greatly affected by the quantity of steroids and impurities chromato- 
grai)hed. Theoretically, therefore, on this basis only, the optimum combi- 
nation would be i)artition column followed by paper chromatography 
of the purified extract. This is the basis of the methods devised by 
Ayres ct al. (1957c) and Flood et al. (1961). 

However, the potential resolution oi the systems at a fixed difference 
in partition coeflScients is not the only parameter to be considered in 
devising methods of purifying a steroid. It may be more efficient, pro- 
vided that the resolutions arc reasonable, to use solvent systems in which 
the partition coefficients of aldosterone and potential impurities arc as 
different as possible. Thus, as can be seen from Fig. 1, the i)ropylene 
glycol-toluene or chloroform-formamide systems could be used to sepa- 
rate aldosterone from cortisol and the Bush C, E 2 B, and the Mattox- 
Lewbart system for removing cortisone. This is the basis of the method 
of Nchcr and Wettstein (1955, 1956) which employs a Zaffaroni system 
followed by the Bush C and also the methods of Nowaezynski et al. 
(1957), Mattox and Lewbart (1959), and Dyrenfurth and Venning 
(1959) for purifying aldosterone from cortisone, cortisol, and other 
contaminants. 
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Formation and chromatography of derivatives of aldosterone may 
be a quicker and more convenient method of purification than either 
very high resolution or multiple chromatography of the free hormone. 
It may also be combined with these methods. The diacetatc, which can 
be reproducibly and quantitatively made, has been the most popular 
derivative for this purpose (Table IV). When particularly good frac- 
tionation is required as in the application of labeled reagent methods it 
may be necessary to form several derivatives. A masterly theoretical 
treatment of the running properties of derivatives jpf steroids has been 
given by Bush (1960b). 

S. Elution 

After partition column chromatography, the steroid is automatically 
eluted and if benzene or toluene solvent systems are used an aliquot 
may be added directly to liquid scintillation phosphor solutions for 
counting with little quenching. Also many reactions for the assay of 
aldosterone can be applied directly to the final paper chromatogram and 
elution is not required. However, if multiple paper chromatography is 
used to purify the aldosterone, elution of the steroid from the paper be- 
tween stages must be carried out. This can be done either by direct ex- 
traction of the paper or by single-phase chromatography. 

a. Method of Neher and Wettstein (1955) : Direct Extraction. The 
paper was cut up and shaken with 20^ methanol to form- a thick pulp. 
After standing for J hour, the pulp was filtered and slowly washed twice 
with methanol. The filtrate was evaporated to about i volume and 
shaken 3 times with i volume chloroform, which was taken to dryness. The 
residue was then extracted with acetone. The recovery was 90%. Dyren- 
furth, Venning (1959), and Garst et al. (1960) cut the paper into small 
pieces and wash several times with methanol. 

b. Method of Neher and Wettstein (1955): Single-Phase Chroma- 
tography. The appropriate areas of the paper strips were attached to 
6-cm.-broad syphons made of two sheets of aluminum and packed with 
glass wool. The end of the syphon away from the paper was put into a 
shallow dish filled with 80% methanol. Before the solvent front reached 
the lower edge of the paper strip, a pointed piece of paper saturated with 
80% methanol was attached to quicken drainage of the solvent (total 
volume 16 ml.) although this is not absolutely necessary. The recovery 
was 95%. Steyermark (1955) also uses a capillary device, similar to that 
described by Haines (1952), for putting the solvent (25 ml. of 80% 
methaiml) onto the paper. It is essential that the flow of solvent be slow 
.enough so that chromatography occurs. Recovery was 95%. Another piece 
of apparatus, operating on the same principle, has been described by 
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Brooks (1960) using a total of 4 ml. 96% ethanol. Recovery was 90%. 

In general, the chromatography type of method is to be preferred as 
the recovery is higher and blank values lower for the same volume of 
solvent. However, when the method is combined with a partition step, as 
in (a) above, the blank values may be lower than for the simple chro- 
matographic procedure (b) (Neher, 1961). It seems preferable, in order 
to get high recoveries, to choose a solvent which is miscible withj the 
stationary phase and to avoid drying the paper completely before elution. 
It is clear that for methods involving more than two chromatographic 
steps the elution recoveiy must be greater than 90% unless isotope dilu- 
tion is used. 

Washing of the iiapcr is usually not required for direct reaction on 
paper to develop formazan or soda fluorescence. However, it may be nec- 
essary before elution and reaction in solution (Nowaezynski et al., 1955; 
Dyrenfurth and Venning, 1959) . 

C. Other Methods 

I’erri and co-workers (1960) have separated aldosterone from bio- 
logical extracts by two reversed phase paper chromatographic systems. 
The advantages of this type of procedure are not yet clear. 

The total time taken to equilibrate and run paper and column solid- 
liquid chromatograms is considerable. Various other methods have been 
or are being developed to quicken the time of separation of steroids. 

Staub and co-workers (1961) have described a method for measuring 
aldosterone in urine which employs two chromatograms of the free steroid 
and two of the diacetate. All these separations are carried out on KH 2 PO 4 - 
iinpregnated glass fiber paper after initial purification by silica gel chro- 
matography. The steroid is finally estimated by the potassium tert- 
butoxide reaction (Abelson and Bondy, 1956) . The advantage of this pro- 
cedure is the short time required for one chromatogram (total time 16 
minutes) . The disadvantage appears to be the limited capacity of the 
systems. 

Gas chromatography of steroids is being rapidly developed (Vanden 
Heuvcl and Iforning, 1960). Although aldosterone itself is probably too 
sensitive for the high temperatures required, suitable derivatives will 
probably be found (e.g., diacetate or y-laotone). The advantages of the 
procedure would be speed (about 20 minutes) and automatic detection 
with resolution of the same order as liquid-solid column chromatography 
with the possibility of much greater resolution as the art progresses. The 
disadvantage appears to be low capacity, bearing in mind the lack of 
specificity of the present sensitive detectors. This procedure would appear 
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to have great possibilities when coupled with the double isotope-labeled 
reagent methods. Thin layer adsorption chromatography is another 
method (Kirchner et al., 1951) which has speed (45 minutes per chro- 
matogram) but also good capacity. Its resolution for steroids remains 
to be investigated but our own group has had promising results with 
derivatives. 


IV. Metabolism of Aldosterone in 'Man 

A discussion of the metabolism of aldosterone in man seems to be an 
essential preliminary for an appreciation of clinical methods of assay of 
the hormone. 

A. Pattehn of Urinaky Mei'abolites in Normal SuBJt;cTs 

Flood et al. (1961) have studied the excretion of radioactivity after 
the simultaneous intravenous injection of tracer amounts of 4-C’‘‘-cortisol 
(10 fxg.) and 7-H’‘-aldosterone (0.1 ^g.) into five normal women. In the 
first 48 hours after injection, over 90% of both tlie administered cojjiisol 
and aldosterone was excreted in the urine and this a])pears to be the pre- 
dominant normal route of excretion of the metabolites of these honnones 
in man. The amount of radioactivity _^.leased by /8-glucuronidasc from 
these urines was also similar for both steroids (56% of the injected dose 
for aldosterone compared with 64% for cortisol). As is already well estab- 
lished for cortisol, the urinary excretion of conjugates of glucuronic acid 
is therefore the major route of metabolism of aldosterone, in normal sub- 
jects. In contrast, the amount released by extraction of the urine by 
chloroform at pH 1 for 24 hours at room temperature was very different 
for the two hormones. About 12% of the injected aldosterone and 2% 
of the cortisol w'as extracted by this procedure. In the case of cortisol, 
none of this released radioactivity was due to the hormone itself whereas 
about one-half of the total tritium activity after acid hydrolysis was 
contributed by the aldosterone (about 6% of the injected dose). After 
correcting for losses and ineflSciency of hydrolysis, it has been estimated 
that the parent conjugate (previously termed the 3-oxo conjugate of 
aldosterone; see K. M. Jones et al., 1959) represents about 14% of the 
secretion in normal subjects and is therefore one of the major metabolites 
of the' hormone (Flood et al., 1961; Underwood et al., 19611. The term 
“3-0X0 conjugate” is an unsatisfactory one and should be replaced when 
the structure is known. A more general term, however, such as the aldo- 
sterone conjugate would give rise to confusion in a review dealing with 
several metabolites. '‘3-Oxo conjugate” does not imply that a conjugation 
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is on the 3 position but only that the 3 position is not irreversibly reduced. 
Hydrolysis of the 3-oxo conjugate, followed by purification and measure- 
ment of the released aldosterone, has been the basis of most clinical assay 
methods since the classic studies of Luetscher (1956), Venning et al. 
(1954) , and Gordan et al. (1954). The 3-oxo conjugate is not extracted 
from urine either by chloroform or ethyl acetate (Underwood et al., 1961) , 
hence if initial extraction at neutral pH is carried out before acid hy- 
drolysis, the free steroid present but not the 3-oxo conjugate can be 
removed, and hence the conjugate specifically c.stiinated (Rinsler and 
lligby, 1957; K. M. Jones et al., 1959). Othei*wise a mixture of free aldo- 
sterone plus 3-0X0 conjugate will be measured and although in normal 
subjects the excretion of unconjugated aldosterone is negligible (about 
0.2'/o of the injected dose) theoretically there may be pathological condi- 
tions wdiere this is not the case. 

Recent work has confirmed previous conclusions (K. M. Jones et al., 
1959) that the 3-oxo conjugate has a high renal clearance or is formed in 
the kidney, as it is not present in blood in significant amounts (Peterson, 
1959) and over 95% of the radioactivity in the form of the metabolite is 
excreted within 12 hours of an injection of labeled aldosterone (Flood 
el al., 1961). These investigators have also studied the excretion of radio- 
activity in 0- to 24- and 24- to 48-hour collections of urine after the 
injection of labeled cortisol an<l aldosterone. Most of the glucuronide 
metabolit(!S of aldosterone were excreted in the first 24 hours. However, 
relative to the corresponding metabolites of cortisol, the excretion of aldo- 
sterone glucuronidcs was slightly delayed. This conlinns the data of 
Jjaragh et al. (1960), on the rate of excretion of the major metabolite of 
aldosterone conjugated with glucuronic acid which indicated that, in 
urines of subjects with normal kidney function, radioactivity in the form 
of this conjugate requires 48 hours for comjdete (>95%) excretion. This 
difference in the rate of excretion of the 3-oxo conjugate and the glucu- 
ronidc metabolites may be of some importance in the choice of metabolite 
for an assay method. If it is desirable to measure a metabolite whose 
excretion responds quickly to any change in the secretion of the hormone, 
e.g., investigation of diurnal rhythm (Muller et al., 1958) then the 3-oxo 
conjugate should be chosen. On the other hand, if an estimate of the 
mean secretion over 2 days is required, e.g., diagnosis or investigation of 
primary aldosteronism and hypertension (Laragh et al., 1960) , the meas- 
urement of the glucuronide metabolite might be preferable. 

Ulick and Lieberman (1957) purified a compound from urine after in- 
cubation with /?-glucuronidase which they concluded was 3^,18,21 -trihy- 
droxy-5|-pregnene-ll,20-dione (IV, Fig. 2). This was first detected, fol- 
lowing hydrolysis, by oxidation to a y-lactone (VII, Fig. 2) . The y-lactone 
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was converted to a hydroxamic acid (VIII, Fig. 2) which was then 
chelated with Fe®® (Fig. 2). This method, employed in the earlier work 
by Ulick and co-workers, has given way to one using C^*-acetic anhy- 
dride although the first approach seemed to be of great promise for the 
assay of aldosterone and its metabolites. Although the properties of the 
oxidation product were consistent wdth the proposed structure other 
characteristics of the original compound reported such as the immediate 
reaction with tetrazolium and the ready formation of a triacetate were 
surprising in view of the behavior under corresponding conditions of other 
18-hydroxyl compounds (Neher and Wettstein, 1960). Flood et al. (1961) 
also found that the major metabolite of aldosterone conjugated with 
glucuronic acid formed a triacetate and reacted readily with tetrazolium. 
Both Ulick and Lieberman (1957) and Flood et al. (1961) concluded that 
the compound they were measuring was a metabolite of aldosterone 
because the triacetate was radioactive after an injection of tritiated aldo- 
sterone in man. The problem has been clarified by some recent work of 
Ulick and Kusch (1961). They have shown that the material purified by 
Ulick and Lieberman was a mixture containing 3«,18,21-trihy(lroxy-5j8- 
pregnene-ll,20-dione and the A-ring reduced aldosterone 3a,ll/J,21-tri- 
hydroxy-5;8-pregnane-20-on-18 al, henceforward teimed tetrahydroaldo- 
sterone (compound XII, i.e. Fig. 2). The fonner compound (IV, Fig. 2) 
oxidizes to XII (Fig. 2) but reduces tetrazolium slowly and forms a 
diacetate. It is also not radioactive after' injection of tritiated aldosterone 
and appears to be a metabolite of 18-hydroxycorticosteronc not of aldo- 
sterone. Tetrahydroaldosteronc (compound XII) forms a triacetate and 
reduces tetrazolium rapidly. A similar metabolite was detected in human 
peripheral blooil (Ayres et al., 1957b). A preparation of rat liver also con- 
verts aldosterone to tetrahydroaldosteronc (3a,5/3) (Ulick ct al., 1961) . A 
crude homogenate of the same tissue w'as earlier found to form the 
stereo isomer (Pechet et al., 1960). Tetrahydroaldosteronc (compound 
XII, Fig. 2) is radioactive after injection of tritiated aldosterone in man 
and is the major metabolite conjugated with glucuronic acid. Fortunately 
the methods devised by Ulick and coworkers involve the formation of the 
triacetate and hence the contaminant, compound IV, which is not a meta- 
bolite of aldosterone would not be measured. Simpler methods involving 
chromatography of the free compound only wall probably give results 
which are too high because of the presence of compound IV, unless, as in 
the method of Flood et al. (1961) radioactivity is the only parameter 
measured as will be described. 

Flood et al. (1961) examined the pattern of radioactive compounds 
released by ;9-glucuronidase as revealed by partition column chromatog- 
raphy. About 7B% of the total tritium radioactivity was due to a single 
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peak running between tetrahydrocortisone and tetrahydrocortisol. This 
peak was consistently responsible for about 35% of the injected dose in 
normal women. Very little tritium could be detected in the more polar 
fractions of the column which, from the chromatographic behavior of 
corresponding metabolites of cortisol, suggests that aldosterone is metabo- 
lized to 3,20-hydroxyl compounds (analogous to the cortols and corto- 
loncs) to a minor extent only (Fukushima et al., 1960; Romanoff et al,, 
1957; Bush and Willoughby, 1957). The major radioactive peak (hence- 
forward referred to as compound «) was homogeneous on chromatography 
in various systems and by the same criteria appeared to be identical with 
the tetrahydroaldostcrone of Ulick and Kusch (1961), (compound XII, 
Fig. 2). The only discrepancy in the characteristics of compound « (Flood 
et al., 1961) and those described by Ulick and co-workers (Ulick et al., 
1958; Laragh et al., 1960) for their compound (measured as the triace- 
tate) lies in the reported proportion of the injected hormone ex- 
creted. The latter group estimat(' 10-15% as tetrahydroaldosterone 
whereas the former give 35% as compound a. However, it should be noted 
that the lower value was obtained in studies which did not require an 
accurate measurement of the total amount excreted. Liddle et al. (1961) 
find that, using a method similar to that described by Ulick but correct- 
ing carefully for losses throughout purification, 40% of the injected dose 
is tetrahydroaldosterone. This is in agreement with the results of Flood 
et al. (1961). There is no conclusive evidence that either the compound 
measured by the method of Ulick and co-workers or compound a is a 
single entity but it would appear that if several compounds are present 
they must be very closely related. This is not taking into account com- 
pound IV, Fig. 2, w^hich api)arcntly i.s not radioactive after injection of 
tritiated aldosterone nor does it form a triacetate and would therefore 
not be measured by either method. 

Nevertheless, according to the studies of the Taits and co-workers, the 
over-all pattern of the metabolites of aldosterone conjugated with glucu- 
ronic acid is a remarkably simple one, 75% of the total being due to a 
single or very closely related group of compounds and no other single 
compound accounting for over 3% of the injected dose. Therefore, the 
3-0X0 conjugate and compound a together comprise about one-half of the 
total metabolites of aldosterone, at least in normal subjects, and deter- 
mination of these two compounds would be expected to be adequate for 
most clinical investigations where an estimate of the production of the 
hormone is required. 

By injecting labeled aldosterone and measuring the radioactivity in 
various urinary fractions (Ayres et Al., 1957b; Peterson, 1959; Ulick et 
al, 195^) it has been shown that the pattern of metabolism is unaltered 
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when a subject is placed on a low salt diet although this results in an in- 
crease in the excretion of the 3-oxo conjugate (Luetscher, 1956) . The pat- 
tern of metabolites also remained unchanged at least as with respect to 
total 3-0X0 conjugate and glucuronide after intramuscular administration 
of 10 mg. per day d-aldosterone for 4 days to a normal subject (Rosera- 
berg, 1961). This demonstrates, as was first pointed out by Axelrad et al. 
(1965) from the good inverse correlation between sodium excretion and 
aldosterone excretion (free aldosterone plus aldosterone from 3-oxo con- 
jugate) in various subjects, that in most physiological and many patho- 
logical investigations, the measurement of either metabolite will suffice 
to indicate the production rate of the hormone. Unlike those of cortisol, 
the pattern of the known urinary metabolites of aldosterone has not yet 
been shown to be dependent on the concentration of the hormone. More 
detailed investigations may, of course, alter this conclusion. A comparison 
of the clearance rate of aldosterone at different plasma concentrations of 
the hormone has not j'ct been made. 

B. Abnormal Metabolism 

There are now several clinical conditions where it is established that 
the pattern of metabolism may change. This may be indicated in a par- 
ticular group of patients by a lack of inverse correlation between sodium 
output and the excretion of a particular ‘metabolite of aldosterone as in 
pregnancy and in acute hepatitis although this may not be the only rea- 
son for this effect (e.g., salt-losing nephritis) (Buchborn et al, 1957; 
Ayres et al, 1957a). K. M. Jones et al (1959) found a marked alteration 
in the pattern of urinary metabolites in pregnancy with an increase in 
the proportion of 3-oxo conjugate and a decrease in glucuronides. A meas- 
urement of either of these metabolites alone would therefore give a mis- 
leading indication of secretion rate. Hurter and Nabarro (1960) have 
reported that in cirrhosis of the liver some patients show an altered pat- 
tern of metabolism somewhat similar to that which occurs in jiregnancy. 
They also reported that this jiattern can change veiy markedly from day 
to day. In one case of Conn’s syndrome Ulick et al (1958) found that 
the secretion rate of aldosterone and excretion of tetrahydroaldosterone 
is increased but the aldosterone from the 3-oxo conjugate is in the normal 
range. On the other hand, women treated with Enovid show a normal pro- 
portion of 3-0X0 conjugate but a decreased percentage of tetrahydroaldos- 
terone (Layne, 1961). There is also some indication of an altered pat- 
tern of metabolism of aldosterone in hypertensive disease (Genest, 1960; 
Laragh, 1960) . Although many of these studies are in a preliminary stage, 
there is now abundant c\'idencc that it is dangerous to rely on the meas- 
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urement of one metabolite only for an indication of the secretion rate in 
all clinical situations. 

In conditions where the pattern of metabolism may change, the cal- 
culation of secretion rates from the specific activity of a single urinary 
metabolite after the injection of the radioactive hormone (secretion rate 
equals radioactivity injected divided by the specific activity of the me- 
tabolite) has proved to be a simple and powerful in vivo method which 
has the advantage that only the specific activity of one metabolite needs 
to be analyzed. One of the methods to be described (Ulick et al., 1958) 
is therefore mainly concerned with this aim (specific activity estimate of 
tetrahydroaldostcrone) without regard to quantitative recovery which is 
not necessary for the calculation of the secretion rate. If the secretion 
rate is calculated from the specific activity of one metabolite after a 
single injection of radioactive hormone, the quantity of another metabo- 
lite can be estimated from a knowledge of its radioactivity only. This is 
the basis of one method (Flood et al., 1961) of measuring compound a 
(tetrahydroaldostcrone) . 

With all these approaches available, by a judicious choice and opera- 
tion of an appropriate method bearing in mind the mode of metabolism 
in a particular group of patients, a reliable estimate of the secretion rate 
of aldosterone by the adrenal gland can now be made. Correlation of this 
value with the general electrolyte and hemodynamic status of the patient 
provides one criterion for the diagnosis of Conn’s syndrome. 


V. Urinary Assay Methods 
A. Hydrolysis of 3-Oxo Conjugate 

Procedures for the hydrolysis of the conjugate under acid conditions 
vary widely in the method of contact of the aqueous and organic phases, 
the length of time for which the hydrolysis is allowed to proceed, and 
other conditions. 

Walraven (quoted by Ayres et al., 1957a) obtained two to three times 
as much aldosterone by use of continuous extraction (Cohen extractor) 
of the urine by chloroform at pH 1 for 24 hours compared with leaving 
the urine at pH 1 without organic solvent. Dyrenfurth and Venning 
(1957) also reported greater yields for some urines in similar experiments. 
These reports, together with certain theoretical reasoning have been the 
basis for the use of continuous extraction by various groups (Liddle et al, 
1955; Brooks, 1960; Gowenlock, 1960; Ayres et al, 1957a; K. M. Jones 
et al, 1959; Flood et al, 1961). 

On the other hand, Mattox and Lewbart (1959) found continuous 
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extraction and methods involving mechanical stirring produced insig- 
nificantly greater yields of aldosterone compared with those obtained by 
leaving the urine at pH 1 without organic solvent present. KUman and 
Peterson (1960) also found continuous extraction no more efficient. 
Luetscher and co-workers (Axelrad et al., 1955; Neher and Wettstein, 
1956; Baulieu and De Vigan, 1958; Hernando et al, 1957; Garst et al., 
1960) all employ methods which leave the urine undisturbed at pH 1 for 
24 hours. Moolenaar (1957) and Sobel et al. (1959) use continuous mix- 
ing with frequent changes of solvent. 

Underwood et al. (1961) by measuring the tritium released as aldos- 
terone from urine by acid hydrolysis after injection of 7-H®-aldosterone, 
have found very little difference in the yield, either when the urine is left 
standing with or without chloroform present at pH 1 or whether agita- 
tion, shaking with chloroform, or continuous extraction is used. This con- 
fiims the conclusions of Mattox and Lewbart (1959) and Kliman and 
Peterson (1960) that the simple method of leaving the urine undisturbed 
at pH 1 is preferable to other more complicated methods which do not 
increase the yield of aldosterone but may give more impurities (Mattox 
and Lewbart, 1959) . 

Sobel et al. (1959), employing the method of continuous mixing, Tiave 
studied the release of aldosterone as a function of the period of hydrolysis 
at pH 1.0. The yield of aldosterone for the second 24 hours of hydrolysis 
varied between 33 and 82% of that in* the first 24 hours.- However, the 
pH of the urine was measured as 1.0 by a test paper method. Dyrenfurth 
and Venning (1957), working with pregnancy urine at pH 1.5, obtained 
rather similar results. Kliman and Peterson (1960) allowed the urine to 
stand at pH 1 with no organic solvent present and found that the first 
24-hour period of hydrolysis produced 7 and 33 times more aldosterone 
than in the second and third 24-hour periods. Underwood et al. (1961) 
obtained rather similar results. Both groups of workers also report about 
10% destruction of aldosterone in 24 hours of acid hydrolysis. These 
results indicate that a 48 rather than a 24-hour period of acid hydrolysis 
at pH 1 (measured by a pH meter) will not increase the yield of aldos- 
terone unless the solvent is replenished during the process. Even so, the 
increase in aldosterone will be only 10% in the second 24 hours and so 
the extra period of hydrolysis is not necessary except for the most de- 
manding requirements. A pH of 1 appears to be the optimum H+ ion con- 
centration to use, since it has been shown, Kliman and Peterson (1960) , 
that at both higher and lower values, the amount of aldosterone released 
in 24 hours is less than at pH 1. At pH 0.5 the rate of aldosterone released 
frmn the 3-oxo conjugate is greater than at pH 1 but there is increased 
destruction. Although this could possibly be reduced by continuous ex- 
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traction vising fresh solvents at frequent intervals (continuous extraction 
by the Cohen apparatus does not accomplish this) , this would require a 
rather complicated apparatus and in routine laboratory practice, accu- 
rate measurement of pH values lower than 1.0 would be difficult to attain. 

To summarize, leaving the urine undisturbed at pH 1 (measured by 
a pH meter) for 24 hours followed by hand extraction with chloroform 
or methylene dichloride seems to be a satisfactory routine clinical pro- 
cedure. As previously discussed, prior extraction of the urine at neutral 
pH to eliminate free steroid would simplify the interpretation of results. 
It also eliminates most of the cortisol, cortisone, and certain other poten- 
tial impurities so easing the subsequent problems of purifying the aldos- 
terone released from the 3-oxo conjugate. After the extraction at pH 1, 
the solvent is usually washed with alkali (sodium carbonate at room 
temperature or sodium liydroxide at low temperature). Garst et al. (1960) 
report largo losses of aldosterone if sodium hydroxide is used without 
careful control of temperature. The use of sodium carbonate seems pref- 
erable in a routine proc(‘(lure, unless unusual amounts of acidic pigments 
are present. 

B. MF,ASVRE^rENT OF Al.DOSTEKONE IIeI.BASED FROM 
3-OxO CONJTJGA'rB 

The methods which have been most frequently used are described in 
Tables III and IV. Except in certain circumstances, such as studies on 
hypoaldostcronism (c.g., high salt diet) . cases of adrenal tumor or sub- 
jects on unusual diets (e.g., high intahe of citrus fruits), the assay of 
aldosterone from the 3-oxo conjugate is not a demanding jirocedure as 
regards either sensitivity (normal excretion, 10 fig. per day) or specificity. 

1. Method of Ncher- and Wettslein nnd Modifications 

The relatively simple physicochemical procedure described by Neher 
and AVettstein (1956) (Method G, Table III) which involves an initial 
Zaffaroni paper chromatographic separation followed by another on a 
Bush C system and then estimation of the aldosterone visually after forma- 
zan and soda fluorescence development, has proved adequate for many 
extensive clinical investigations, e.g., Buchbom et al. (1957) and Muller 
ct al. (1956) . It has the advantage that it is readily adaptable to mul- 
tiple assays. However, several investigators (Nowaezynski et al, 1957; 
Dyrenfurth and Venning, 1959; Brooks, 1960; Sobel et al, 1959; Mattox 
and Lewbart, 1959) have reported difficulty in assaying certain urines 
liaing t^is method, mainly due to the presence of impurities on the final 
chromatogram which cause the soda fluorescence and formazan estimates 



TABLE II- METHODS OF ASSAYING ALDOSTERONE IN BLOOD, INCUBATION MEDIUM OR URINE (FROM 3-0X0 CONJUGATE ) WHICH EMPLOY PAPER CHROMATOGRAPHY OF 
FREE COMPOUND BEFORE REACTION. COEFFICIENT OF VARIATION 100% NORMAL VALUES ARE FULLY CORRECTED FOR RECOVERY. 
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to disagree. As Dyrenfurth and Venning (1959) state “The zone con- 
taining impurities is excluded when the Neher-Wettstein method is fol- 
lowed precisely. In practice however and when the Zaffaroni system is 
applied, the cortisone zone and this zone overlap and it is difficult to 
obtain a clear-cut separation. Therefore it is felt to be safer to include 
the upper part of this dark zone and rely on subsequent systems for a 
more complete separation.” Nowaezynski et nl. (1966) have reported a 
number of compounds which arc potential contaminants in the Neher- 
Wettstein method. Their running properties relative to those of aldos- 
terone and cortisol in various paper systems are shown in Fig. 1. Figure 1 
also shows by the position of the horizontal arrows the usual areas of the 
initial chromatograms (propylene glycol-toluene or forraamide-chlor:)- 
form) which are eluted before the subsequent Bush C chromatogram. 
Because of the shorter running time required, the formamide-chloroform 
system is now the preferred first separation. It is likely that the Nowa- 
ezynski-Genest compounds would be included in the area cut out in the 
formamide-cldoroform system although their running properties have 
been reported only in the propylene glycol-toluene system. Compound II, 
which may be 18-aldo compound A (compound X, Fig. 2), occurs rajrely. 
Compound III which ai)pears to be identical with the material isolated 
from citrus fruits by Gray et al. (1955) is more common and according 
to Gencst and co-workers is excreted in large quantities in subjects on a 
high potassium diet. Both Nowaezynski et al. (1958) and Baulieu and 
De Vigan (1958) ro[)ort that compound III is relea.scd efficiently by incu- 
bation with ;3-glucuronidase and hardly at all by hydrolysis at pll 1. 
It appears that the risk of contamination of aldosterone by this com- 
pound cotdd he greatly reduced by avoiding enzymatic hydrolysis. Com- 
pound IV behaves similarly to compound III. Compound V appears to bo 
the major potential impurity as it is released by hydrolysis at pII 1. 
Dyrenfurth and Venning (1959), Nowaezynski et al. (1957), and Mattox 
and Lewbart (1959) (Methods M, L, and N, Table III) have devised 
methods employing three or even four pai)er separations of the free com- 
imund to avoid these impurities. The method of Dyrenfurth and Venning 
(1959) also eliminates a salt excrctor which appears in pregnancy urine 
and seems to have similar chromatographic properties to aldosterone in 
the propylene glycol-toluene. Bush C, and Ebcrlein-Bongiovanni E 2 B sys- 
tems. How’ever, although these compounds of unknown identity may in- 
terfere with the assay under certain circumstances Neher and Wettstein 
(1960) report that of all the known compounds isolated from adrenals 
and those related to aldosterone prepared synthetically, only 17-isoaldo- 
steronc and 18-hydroxy compound A would be expected to be potential 
contaminants of aldosterone on the final chromatogram and these two 
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steroids have not yet been found in biological fluids in appreciable 
amounts. Under certain high pH conditions aldosterone is converted to 
17-isoaldosterone. These two compounds are readily separated with the 
B5 solvent systems on partition columns and even, with care, in the cor- 
responding paper system (Laumas and Gut, 1961). 

S. Use oj the Acetyl Derivative 

It can be seen from Table II that the acetyl derivatives of the com- 
pounds described by Nowaezynski-Genest and also cortisol and cortisone 
monoacetate can be easily separated from aldosterone diacetate, and var- 
ious methods therefore employ acetylation to gain specificity. Sobel et al. 
(1959) (Method R, Table IV), Brooks (1960) (Method S, Table IV) em- 
ploy a two-paper separation of the free compound before the final paper 
chromatogram of the diacetate which is then measured by soda fluori- 
metry. 

The method of Ayres et al. (1957a) (Method U, Table IV) employs 
two column st'parations of the free compound and diacetate then paper 
chromatography of the derivative. This method has been recently simpli- 
fied by Flood et al. (1961) (Method T, Table IV) and now involves one 
high-resolution column separation of the free compound followed by 
paper chromatography of the diacetate and soda fluorirnetry. Both these 
methods have high specificity and precision and the last version is suit- 
able for multiple assays. 

S. Use of Isotopic Indicators 

Nearly all the previously described methods have the disadvantage 
that reproducibility and good recoveries arc critically dependent on the 
.skill of the oi)erators. This can be avoided by the use of an isotope dilu- 
tion technique where labeled hormone is added routinely as an automatic 
check on recoveries. The methods of Ayres ct al. (1957a) (Method U, 
Table IV) and Kliman and Peterson (1960) (Method X, Table IV) do 
this by adding C’’‘-aldosterone diacctate after the formation of the de- 
rivative, the reeovety being corrected from this stage. Flood et al. (1961) 
(Method T, Table IV) add H®-aldosterone after neutral extraction and 
by this procedure, the recovery is fully corrected for provided that the 
steroid moiety in the 3-oxo conjugate is as sensitive to acid conditions 
as the free aldosterone. 

4. Method of Kliman and Peterson (1960) 

The general method of Kliman and Peterson (1960) (Method X, 
Table IV) employs, together with the C^*-aldosterone diacetate indicator 
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technique as described, tritiated acetic anhydride to form the diacetate 
of the urinary aldosterone from the crude extract following hydrolysis at 
pH 1. The diacetate is fractionated on two-paper systems then another 
derivative, presumably 18-lactone 21-monoacetate, is formed by chromic 
acid oxidation and paper chromatographed. From the H’/C” ratio of 
this purified derivative, the amount of aldosterone present before acetyla- 
tion can be calculated. This method has the advantage of great sensitivity 
(only 1/lOOth of a daily output of urine being required) and working 
with this small volume of aqueous phase, quantitative recovery of aldos- 
terone to the stage of acetylation presents little difiiculty. However, as 
with all labeled reagent methods (Avivi et al., 1954) great care must be 
taken to check specificity and the H*/C^^ ratio must be constant on the 
final chromatogram. If more than a l/50th daily output of urine must be 
taken then a further preliminary purification of the free aldosterone is 
recommended. The use of H®-acetic anhydride is not expensive. However, 
if H*-aldosterone were to be added to the urine to obtain a full recovery 
correction which seems desirable, the use of C’*-acetic anhydride would 
be necessary and commercial supplies of this reagent are much more 
costly. It appears that it would be advantageous for a supply of high 
specific activity C^^-aldosterone to be made generally available for use 
as indicator so that the economical tritiated acetic anhydride can be 
employed as the routine reagent for uriqary work. The general method is 
easily capable of being applied for multiple assays and it seems that 
future versions will be used extensively in laboratories suitably equipped 
and financed. 

C, Glucuronide Metabolites of Aldosterone 

No complete details of any direct method for the estimation of tetra- 
hydroaldosterone from human urine have yet been published. However, 
an indirect method for the calculation of its excretion has been reported 
(Flood et al., 1961). Ulick et al. (1958), in their pioneering studies on 
this metabolite, also described a method for the measurement of its spe- 
cific activity after the injection of tritiated aldosterone. Coppage et al. 
(1959) have given values for the excretion of the metabolite after ad- 
ministration of prednisone and SU4885 to normal subjects and have 
kindly supplied details of the method used. This method was developed 
in collaboration with Dr. S. Ulick. 

1. Method of Ulick et al. (1958) 

Urine (an aliquot containing 5 /ig. or more metabolite) was incubated 
with jS-glucuronidase Ketodase (200 units per milliliter of urine) for 3 
days at 37**C. and pH 4.5 and extracted with etliyl acetate. The metabo- 
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lite was first separated on the paper system, ethylene dichloride-forma- 
mide which was run for 48 hours (JBtetrahydrocorti«m* = 0.7) . It was then 
eluted and acetylated with C^^-acetic anhydride, forming a triacetate. 
The acetyl derivative was chromatographed on the paper system, methyl- 
cyclohexane-fonnamide, which was run for 18 hours (Bdooa = 105) . 
Final purification was achieved on a partition Celite column; stationary 
phase, methanol -water, 4:1; mobile phase, cyclohexane. The C^VH* 
ratios of the peak fractions were checked for uniformity and if found 
satisfactory, the value of the mean ratio allowed the initial tritium spe- 
cific activity of the tetrahydroaldosterone to be calculated. The secretion 
rate was then also calculated from the radioactivity injected divided by 
this specific activity. Full details of this method are to be published. 

Method of Coppage et al. {1959) 

An aliquot of a 24-hour urine collection, containing more than 5 but 
less than 30 fig. of the metabolite was initially extracted at neutral pH 
with methylene dichloride. The urine was then hydrolyzed with 75 units 
per milliliter of urine (Sigma )8-glucuronidase) for 12 hours at pH 6.2 and 
42“C. Fresh enzyme was added and the process repeated. The aqueous 
phase was extracted 4 X i volume ethyl acetate and the solvent washed 
with 0.2 N NaOH and then brought to neutrality with acetic acid and 
water. The extract was fractionated in the system formamide (50% for- 
ni amide in methanol) -ethylene chloride for 18 to 26 hours at 30®C. 
(Rmrami of metabolite = 0.78). Tetrahydroaldosterone was chromato- 
graphed for 14 hours on the Eborlein-Bongiovanni E 2 B system (Ecortisoi = 
1.28). After acetylation, the triacetate was run for 5 hours on washed 
paper in the modified Bush A systen',, ligroin-mcthanol- water (4:3:1 
v/v/v), (f?DocA = 1.07). Following development of the paper with an al- 
kaline solution of blue tetrazolium (0.03% in 1 AT sodium hydroxide) , the 
formazan was eluted with 10% HCl in pyridine and the density read at 
560 TOft. An Allen type correction could be applied. The molar absorbance 
of DOCA and tetrahydroaldosterone triacetate were equivalent and hence 
the former was used as standard. C^^-Oortisol was used as an indicator 
for recovery losses on the first chromatogram and H®-17-hydroxydeoxy- 
corticosterone on the second. The daily excretion of tetrahydroaldosterone 
was some fourfold greater than the aldosterone released from the 3-oxo 
conjugate in the same urine. Full details of this method will also be 
published. 

3. Method of Flood et al. {1961) 

The fpecretion rate of aldosterone was estimated from the specific ac- 
tivity of the aldosterone released from the 3-oxo conjugate after an injec- 
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tion of 7-H®-aldosterone. This part of the method was similar to that 
previously described (Section V, B, 2). An aliquot of urine (equivalent 
to a 2-hour collection) was first extracted at neutral pH with methylene 
dichloride and then incubated with 500 units per milliliter of urine (Keto- 
dase) at 37 °C. for 24 hours and the aqueous phase extracted with ethyl 
acetate. After being washed, the extract was taken to dryness and chro- 
matographed on a kieselguhr partition column, 60 X 1 cm., 14-mI. sta- 
tionary phase, 28 gm. Celite 545. The solvent system was water-methanol, 
1:1, benzene-ethyl acetate, 15:1. The partition coefBdients of tetrahydro- 
cortisonc, compound « (tetrahydroaldosterone), and tetrahydrocortisol 
were 0.14, 0.09, and 0.07, respectively. From a knowledge of the quantity 
of tritium as compound « and the secretion rate of aldosterone, the excre- 
tion of compound « per day in micrograms could be calculated. The 
amount of compound a (tetrahydroaldosterone) (both as per cent tri- 
tiated aldosterone injected and micrograms excreted) in the urine of nor- 
mal subjects seems to be rather higher as measured by the method of 
Flood et al. (1961) compared with the values obtained by Ulick and 
Liddle, Island, and Cojipage (1961). However, as previously mentioned, 
Liddle and co-workers find the same percentage of an injected dose of 
tritiated aldosterone as tetrahydroaldosterone as Flood et al. (1961) re- 
port for compound a and hence the differences are more likely to be due 
to variation in secretion rates betwewi the two groups of patients. On 
the other hand, Melby (1960), using a method which measures the me- 
tabolite by the Lewbart and Mattox (1961) reaction after chromatog- 
raphy of the free compound only, reports values which are much higher. 
In the light of the recent findings of Ulick and Kusch (1961) , it may be 
that Melby is measuring a mixture of tetrahydroaldosterone and 3a,18,21- 
trihydroxy-5^-pregnanc-ll,20-dione, which arc difficult to separate un- 
less the acetyl derivatives are formed. 

D. Ass.ay of Free Aldosterone in ITrine 

It has been suggested that the amount of free cortisol in urine will 
reflect the mean value in blood during the time of the urinary collection 
of the free steroid (Greaves and West, 1960) but in pregnancy the urinary 
cortisol values are increased (K. M. Jones et al., 1959) whereas it is prob- 
able that the unbound plasma concentrations are not raised to the same 
extent. However, aldosterone is only very weakly bound to plasma pro- 
teins (Mills and Bartter, 1959) and the difficulties of measuring plasma 
concentrations of this honnone are so great that it may be worthwhile to 
explore the validity of measuring the urinary free aldosterone as an indi- 
cation of mean blood values. 
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1. Method of K. M. Jones etal. {1959) 

After extraction of a whole daily output of urine at neutral pH by 
chloroform and silica gel chromatography, 0.1 /tg. H®-aldo8terone was 
added to the eluate (routinely this could be added to the urine). The 
extract was then chromatographed on a partition column 60 cm. long 
using 28 gm. Celite 545, 14-ml. stationary phase (methanol- water, 1:1 
v/v) with benzene as the mobile phase. The fractions containing most 
tritium were pooled and acetylated and chromatographed on a further 
column, 30 cm. long, using 14 gm. kieselguhr, 7-ml. stationary phase 
(methanol-water, 4:1 v/v) with benzene-petroleum ether (2:3 v/v) 
as the mobile phase. The fractions containing tritium were run as one 
spot against three dilutions of standard aldosterone diacetate in the 
Bush B3 system and the steroid measured by soda fluorimetry. From the 
specific activity of the final spot, the amount of free aldosterone (cor- 
rected fiom the stage of addition of intlicator) could be calculated. The 
.spccifi(‘ity of the method was checked by scanning for tritium and soda 
fluorescence on the final chromatogram (Tait and Tait, 1960). Good cor- 
relation between these two measurements was observed. 

The values of urinary free aldosterone in six normal women were 
0.17-0.63, mean value 0.44 /ig./24 hours (0.19-0.43, mean value 0.24% 
dose injected). Corresponding values in six pregnant women were 0.7- 
3.5, mean value 1.7 ^^g./24 hours (0.22-0.33, mean value 0.29% of the 
dose injected). If the urinary free aldosterone reflects the mean blood 
concentration, these results indicate that although the secretion rate and 
l)attern of metabolism change greatly in pregnancy, the turnover rate 
of the hormone remains nearly const .ant. Recent studies (Tait et al., 
1961a) on the plasma disai)pearancc curve of radioactive aldosterone 
(Section VII, B, 1) in pregnant women confirm this conclusion. This 
approach of measuring the urinaiy free aldosterone to indicate plasma 
concentrations would not be hopeful if the 3-oxo conjugate were hy- 
drolyzed to release free aldosterone in the bladder or urine before the 
neutral extraction was carried out. However, in the investigations on 
pregnancy urine (K. M. Jones ct al., 1959) there was no correlation of 
the free aldosterone with the 3-oxo conjugate although the proportion 
of the 3-0X0 conjugate in the urine to the secretion rate varied widely. 
This indicates that the method is unlikely to be invalid for this reason, 
although further investigations on a variety of clinical conditions will 
be necessary, before it gains acceptance on general grounds. The method 
of Kliman and Peterson (1960) and ‘Flood et al. (1961), would appear 
to be alsb conveniently applicable for the measurement of this parameter, 
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although greater specificity is required than for the estimation of the 
aldosterone released from the 3-oxo conjugate. 


VI. Indirect Secretion Rate Estimates in Man 

A. Assumptions 

This method depends on the over-all assumpjtion that because a 
certain proportion of a single injection of a radioactive hormone is 
excreted as a particular metabolite then exactly the same proportion of 
the endogenous secretion will appear in the urine as this metabolite. If 
this is true then the total secretion equals radioactivity injected divided 
by the specific activity of the metabolite (S = B/a ) . This expression is 
correct only if certain particular assumptions are valid and appropriate 
precautions taken. 
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Fia. 3. Model for consideration of secretion rate methods. 


Thus, if the two-compartmental model as seems to be appropriate 
to describe the metabolism and transport of aldosterone in man, Tait 
et al, 1961b), described in Fig. 8, is considered 
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X s fraction of injected radioactivity in inner pool 
z s fraction of injected radioactivity in outer pool 
I « steroid content in inner pool 
Q s steroid content in outer pool 
b rate of transfer of steroid from inner to outer pool 
a rate of transfer of steroid from outer to inner pool 
a aa rate of metabolism of steroid in inner pool 
e = rate of metabolism of steroid in outer pool 
iSi sa* rate of secretion of steroid into inner pool 
S 2 =* rate of secretion of steroid into outer pool 
S S5 total secretion of steroid = (Si + Ss) T in time T 
R s radioactivity injected into inner pool 

and then 

_ —ax- —hx , 

(It ~ I I ^ Q 

(Iz _ —ez —h'z Ijx 
dt" Q Q 1 

In the steady state e = S 2 + b~b^ and if «i ^ rate of excretion (com- 
bination of rate of formation and renal clearance) of a particular me- 
tabolite from the inner pool, *2 = rate of excretion of same metabolite 
from outer pool and <r = specific activity of this metabolite in time T 
(when all radioactivity in the form of the metabolite has been excreted) , 
it can be shown by treatment similar to that used by Laumas et al. 
(1961a), Laumas et al. (1961b), tliat 

H 

If e = 0 (or <2 = 0) or S 2 = 0, then R/a = S. 

Therefore unless both secretion and metabolism occur in a compart- 
ment into which the radioactive hormone has not been injected, the 
expression will be correct. 

This proves rigorously that the calculation is likely to be correct on 
theoretical grounds except in rather particular clinical situations, e.g., in 
pregnancy when the radioactive steroid is injected in the maternal blood 
and the fetus secretes and metabolizes the hormone. However, this treat- 
ment shows that it is quite inappropriate to apply the term “isotope 
dilution” generally to this method. 

In addition the following more technical conditions must be met. 

1. The amount of steroid injected must not be great enough to alter 
the normal metabolism and transport* of the hormone. As 7-H*-(i-aldos- 
terone of high specific activity (20 /ic, per microgram) is now generally 


l + [ei/(ei 
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available, this assumption should be easily satisfied in the future. An 
injection of 0.1 ng. of aldosterone at 20 /iC. per microgram is sufdcient 
for the routine application of the method and it is possible to use 0.02 iig. 
and still obtain reasonable radioactivity in the urinary metabolites. 

2. The injected compound should be in the same chemical form as 
the secreted hormone. This assumption requires careful continuous check- 
ing of the radiochemical purity of the material to be injected. In par- 
ticular, it is essential to administer the natural optical antipode of the 
hormone (d-aldosterone) as Ulick (1961) has shoWh that 7-H®-aldoster- 
one is metabolized neither to the urinary 3-oxo conjugate nor tetrahydro- 
aldosterone. Secretion rate estimates after injection of tritiated racemic 
mixture, which w'as used in some earlier studies, will therefore be too 
high by a factor of two. 

3. The radioactive isotope must be stably attached to the injected 

hormone and the heavier atom in the molecule must not affect its be- 
havior in the body. The metabolism of and 16-Il®-aldosterone 

(Flood et al., 1961; K. M. Jones et al., 1959) are similar. Also Peterson 
(1959) reported that the metabolism of randomly labeled H®-corticoster- 
one and 4-C^‘‘-corticosterone are identical. Therefore, it seems that when 
only one atom is replaced in a fairly large molecule, such as a slei’oicT, this 
assumption will be valid for clinical applications. 

4. The pattern of metabolites produced, the volumes of distribution 
of the honnone and metabolites, and the renal clearancte of the metabo- 
lites should be constant during the time of the urine collection. How- 
ever, it seems probable that the secretion rate may vary during this time 
if the other parameters remain constant and the estimate would still give 
a valid mean value. 

5. The metabolite measured must be derived exclusively from the 
hormone. In view of the rather unique nature of the metabolites, the 
3-0X0 conjugate and tetrahydroaldosteronc, it seems highly likely that 
this assumption is valid for aldosterone secretion rate estimates. 

6. All (>95%) the radioactivity in the form of the metabolite must 
be collected. The studies of Laragh et al. (1960) and Flood et al. (1961) 
indicate that for subjects with normal renal function this assumption is 
satisfied for a 24-hour urine collection when the specific activity of the 
aldosterone from the 3-oxo conjugate is measured but a 48-hour col- 
lection must be made for tetrahydroaldosteronc. Laragh et al. (1960) 
have reported that for subjects with malignant hypertension and sub- 
nonnal renal function, only 75% of the radioactivity in the form of 
tetrahydroaldosteronc is excreted in the first 24 hours after injection. 
In one terminal case less than 50% was excreted in the same time. No 
corresponding studies have been made with 3-oxo conjugate but it is 
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to be expected that excretion will be much quicker for this metabolite 
even in cases of renal dysfunction. After treatment with Enovid about 
15% of the radioactivity in the form of tetrahydroaldosterone is excreted 
in the second 24 hours whereas the 3-oxo conjugate radioactivity is 
entirely excreted by this time (Layne, 1961). From these considerations, 
a measurement of the specific activity of the 3-oxo conjugate rather than 
that of tetrahydroaldosterone would seem preferable. However, when 
the secretion rate varies markedly and the mean value for more than 
24 hours is required, e.g., as in the diagno.sis of Conn’s syndrome, it is 
theoretically possible that a more valid estimate w’ill be obtained by 
measuring the specific activity of tetrahydroaldosterone. This is because 
any variation in the rate of production and renal clearance of the 
metabolite during this time will bo reflected to some extent in altered 
excretion of radioacti^’c as well as nonisotopic tetrahydroaldosterone. 

Nearly all these assumptions can be tested by comparing the specific 
activities of A’^arious metabolites. If these are equal this indicates that 
the assumptions an; probably valid (Laumas cl al., 1961). Such an in- 
vestigation has so far been carried out in normal subjects only (Laumas 
et al., 1961). Ulick et al. (1958) have tested the general validity of the 
method by infusing d/-aldostcrone into an adrenalectoraized subject and 
giving a single injection of tritiated dl-aldosterono. Rosemberg (1961) 
has administered 10 mg. of d-aldosterone to a normal subject for 10 days 
and gave a single injection of 7-n®-d-aldosterone after 4 days. In both 
cases the calculated “secretion rate” agreed with the latc of adminis- 
tration of exogenous steroid. 

One potential disadvantage of the radioactive method lies in the 
limitation on n'lx'ated measurements imposed by rules of radiation 
hygiene and the nijcessity to allow for cemiilete excretion of radioactivity 
in the form of a particular metabolite. However, secretion rates can 
readily be determined after the injection of 0.4 fic. H®-aldosterone and 
this would allow for five serial determinations. In most subjects, a 48- 
hour collection of urine would suffice particularly if the 3-oxo conjugate 
were studied. For many clinical inA'Cstigations these limitations would 
not be serious. 


B. Methods 

After an injection of radioactive aldosterone, about 75% of the radio- 
activity in the crude extract obtained after hydrolysis of the urine at 
pH 1 is in the form of the hormone itself. Also, about the same proportion 
of the radioactivity in the total extract made after incubation of the 
urine with j8-glucuronidase, is present as tetrahydroaldosterone. This 
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means that the isolation of radioactivity specifically in the form of the 
two metabolites presents little difficulty and most of the methods de- 
scribed for the measurement of tetrahydroaldosterone or the aldosterone 
released from the 3-oxo conjugate can be readily adapted for the estima- 
tion of their specific activity. This determination is actually less de- 
manding than the measurement of the amount of metabolite in urine 
as quantitative or known recoveiy is not required. The following methods 
have been described: 

1. Method of Ulick et al. (1958) 

This method for the estimation of secretion rates from the specific 
activity of tetrahydroaldosterone has been described previously (Section 
V, C, 1) . The specific activity of the metabolite in a 24-hour collection of 
urine after the injection of randomly labeled H*-d-aldosterone is 
measured. Values for normal subjects on an unselected diet were found 
to be 150-330 (8 subjects), mean 200 /ig. per day (Laragh et al., 1960). 
These estimates are about 8% too high because of the incomplete col- 
lection of the radioactivity in the form of tetrahydroaldosterone. More 
recent determinations using this method (Laragh, 1960) have givenriower 
values for normal secretion rates for reasons which are not yet clear. 

This method has been applied to the study of primary hypertension, 
unilateral renal disease, primary aldpsteronism, and malignant hyper- 
tension (Laragh et al., 1960) . 

S. Method of K. M. Jones et al. (1959) 

This method is identical with that of Flood et al. (1961) (Table IV, 
Method T) for the estimation of the specific activity of the aldosterone 
released from the urinary 3-oxo conjugate except in a few practical 
details. Normal and pregnant women have been investigated after the 
injection of 16-H*-aldosterone. The secretion rates of six normal women 
on an unselected diet were found to be 72-315, mean 192 /xg. per day and 
that of four normal men, 86-116, mean 96 fig. per day. 

In the early studies of Ayres et al. (1957b), who first used such a 
method, the secretion rates of two normal men on a normal diet were 
170 and 190 fig. per day and there was a fourfold increase on a low 
salt diet. 

S. Method of Flood et al. (1961) 

This method (Table IV, Method T) again measures the specific 
activity of the aldosterone after injection of 7-H*-steroid. It is identical 
with the procedure of estimating the aldosterone released from the 3-oxo 
conjugate except, of course, labeled hormone need not be added to the 
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urins. The secretion rates of five normal women was found to be 50-1 18> 
mean value 77 /ig. per day. In a study on another group of five normal 
women, the values were 45-255, means 128 (ig. per day (Tait et al, 1961b) . 

4. Method of Peterson (1959) 

The method of Kliman and Peterson (1960) (Method X, Table IV) 
can be readily adapted to the measurement of the specific activity of 
the aldosterone from the 3-oxo conjugate. Here C^^-acetic anhydride 
must be used as the labeled reagent after injection of tritiatcd aldos- 
terone. This modification has not yet been published in detail but 
probably requires little alteration in methodology. It has also been used 
by Muller and Manning (1960), Secretion rates for three normal sub- 
jects on unselected diets were found to be 350, 330, and 400 /ig. per day. 
As H*-dZ-aldosterone was used in these studies, these values should be 
halved to give the correct secretion rates (Ulick, 1961) . Recent results of 
Peterson (1960), using the same method but injecting 7-H*-aldosterone, 
give much lower values for normal secretion rates (about 100 ng. per 
(lay) . 

It is perhaps to be expected that there will be significant differences 
in normal values between different groups even when the nature and 
purity of the injected radioactive hormones is satisfactory. The dif- 
ferences in the values found by Flood et al. (1961) and K. M. Jones 
et al. (1969) using similar methods for normal women are not so much 
in the proportion of radioactivity excreted as the metabolite but in the 
amount (micrograms) of aldosterone released from the 3-oxo conjugate. 
Hence it is likely that the variation in normal secretion rates lies in dif- 
ferences of diet and activities of the subjects and these must be care- 
fully controlled in most investigations if meaningful comparisons of 
secretion rates arc to be made. 


VII. Assay in Peripheral Blood 

Correlation of the biological effects of a hormone with assays of its 
concentration in the body requires specifically a knowledge of its con- 
centration at the target organ. The nearest practical approach to such 
an assay in man lies in the measurement of its concentration in peripheral 
plasma. For cortisol and thyroxine, it is considered by many investigators 
that the appropriate assay is of the “unbound” concentration in plasma, 
i.e., the amount of hormone which is hot bound to proteins other than 
albumin (Mills and Bartter, 1959; Ingbar and Freinkel, 1960). 
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A. Direct Measurements 

The measumncni of the ainouQt of aldosterone in peripheral plasma 
is extremely demanding both as regards sensitivity and specificity. Early 
studies on large quantities of plasma, bioassayed following column 
chromatography, showed that the concentration in normal subjects was 
of the order of 0.03 /»g./100 ml. plasma. This level requires that a 
suitable assay method must be able to measure abdut 1 m/ig. of hormone 
and labeled reagents seem to be necessary to achieve this order of 
sensitivity. However, as previously discussed in detail, such methods have 
low intrinsic specificity. Earlier results, using both labeled acetic anhy- 
dride (Peterson, 1959) and pipsyl reagent (Bojesen, 1958) have been 
found to be too liigh due to this reason. 

1. Method of Bojesen and Degn {I960) (Method Y, Table IV) 

Plasma (20-30 ml.) was extracted with chloroform and the dried 
residue esterified with S®®-p-iodophenylsulfonylic anhydride (20-150 
mc./millimole) . Aldosterone I^®*-p-iodophenylsulfonate was then ^dded 
as indicator. The washed extract was then chromatographed on the paper 
system ethyl oleate-acetic acid-water followed by the formamide-chloro- 
form system. The steroid was then pxidized with chromic acid and the 
product rechromatographed on the fofmamidc system. The ratio 

of the final spot was tested for unifonnity and if satisfactory, the value 
allowed the calculation of the aldosterone present before esterification. 
Recovery, to this stage, was reproducibly WJo. 

Concentrations in the peripheral ])lasma of dogs on a normal salt 
diet were found to be 0.01-0.03 /ig./lOO ml. plasma. After adrenalectomy, 
the value was <0.01 jug.%. Determinations in human peripheral plasma 
of three normal subjects gave <20, 25, and 16 m/ig./lOO ml. plasma 
(Bojesen, 1960). Earlier results gave much higher values due to S®® in 
the final extract not derived from aldosterone (Bojesen, 1958) . One dis- 
advantage of this method is that the pipsyl derivative of aldosterone is 
unstable and chromatography must be carried out in the cold (Bojesen, 
1960), 

2. Method of Peterson {1959) 

T*he method of Kliman and Peterson (1960) (Table IV, Method X) 
and Davis et al. (1958) (Table IV, Method W) uses tritiated acetic 
anhydride (about 150 mc./mAf) as reagent and C'*-aldosterone diacetate 
as indicator. 

Preliminaiy results indicated that normal human plasma concentra- 
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tions were 0.04r-0.08 jug./100 ml. plasma (Peterson, 1959). These esti- 
mates were undoubtedly too high. Bojesen (1961) suggests that this may 
be due to trace amounts of free aldosterone in the indicator which react 
with the H®-acetic anhydride. Later investigations showed that lower 
values were more appropriate (about 0.01 /ng./lOO ml.) (Peterson, 1960) . 
These recent estimates have presumably required modifications of the 
original method and publication of these arc awaited with interest. 

B. Indirect Measurements 

The concentration of aldosterone in peripheral blood is a result of 
a combination of its secretion and a quantity (secretion ratc/plasma con- 
centration) which has previously been termed a turnover rate (Tait et al., 
1961b) but which should be more appropriately — the metabolic clearance 
rate. The clearance rate will depend on the volumes of distribution and 
rate; of metabolism of aldosterone. The secretion rate can be determined 
by any of the methods already discussed and the ch'arance rate can be 
estimated concomitantly either after a single injection or continuous in- 
fusion of labeled hormone by following the jilasma r.adioactivity meas- 
ured specifically as aldosterone. 

/. Method of Tait et al. {tOGIh): Single-InjeclUm Method 

Two microcurics of 7-11'* aldosterone was given a.s a single injection. 
Plasma was withdrawn at 7.5, 15, 22.5, 30, 50, and 70 minutes after in- 
jection and C*'‘-aldosterone vas added to every samj»le. The ])lasma 
w'as extracted with chloroform an<l after the solvent was taken to dry- 
ness the residue was acctylated. j\ldosterone diacetate was then chromato- 
grajihed on the kieselguhr partition co'umn, 60 X 1 cm., 28 gm. Celite 
545; 14-ml. stationary phase: methanol-water (4:1 v/v) ; mobile phase: 
toluene-Skellysolvc C (2:3, v/v). The irVC^* ratio of the peak fractions, 
which were constant, allowed the calculation of tritium initially present 
as aldosterone. The plasma disappearance curve could be represented by 
the equation x =■ Ae~^‘ + Be-^* where x is the percentage of the dose 
injected per liter plasma at time t and A, B, a, and p are constants. On 
using a two-compartmental model, the clearance rate could be calculated 
as Mz = a^/Ap + Ba. This equation depends on their being no metabo- 
lism (e) or secretion (.sa) in the outer compartment (Fig. 3). 

2. Method of Tail et al. {1961b): Constant Infusion Method 

A single injection of 1 /tc. of 7-H® aldosterone was given and then 
after 30 minutes, 1 /liC. of tritiated ald^terone was infused over a period 
of 90 minutes. Plasma was taken 15, 30, 105, and 120 minutes after the 
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single injection and the tritium as aldosterone determined as in the 
previoiis method. If the radioactive concentration was constant at the 
end of the infusion (105 and 120 minutes after injection), the rate of 
radioactive infusion divided by the final concentration of radioactive 
aldosterone equaled the turnover rate. The secretion rate was again 
determined concomitantly by the method of Flood et al. (1961). A 
clearance rate estimation on one normal gave a value in agreement with 
the previous method. It is possible that this procedure, which in its 
simplest form requires two measurements of plasma radioactivity only, 
could be a convenient method of determining plasma concentrations of 
aldosterone. 

It should be noted that the estimates obtained by the methods of 
group B gives mean values during the whole 24 hours whereas those 
of group A are estimates at a particular time and so, due to diurnal 
variation, these two .sct.'i of results may not agree. 

In addition there may be discrepancies between the two types of 
method for more fundamental reasons; 

In the model represented by Fig. 3, if r = rate of radioactive infusion 
into inner compartment and x and s — radioactivity in inner and outer 
compartments, respectively, then 


Therefore 


Also 


(H 


= 0 at (urd of infusion 


a.r hr , hz 
r - j - 7- + - 0 


^ _ —(‘z h'z hr. 

^ Q ~ Q 1 


Then again in the steady state 
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t plasma concentration "I ~ f plasma concentrationT L (<84 + 5) (a + e) 

of radioactivity J Lof steroid J 



7, ASSAY OF ALDOSTEBONB AND METABOLITES 327 

Provided that 8^ = 0, the expression used in the infusion method, B2 
is therefore correct even if metabolism occurs in the outer compartment 
and it can be proved that this is also the case for the calculation of 
metabolic clearance rate by method Bl. If both S 2 and e¥‘0, i.e., both 
secretion and metabolism occur in the outer compartment, neither the 
single injection nor the continuous infusion calculation will give the 
correct clearance rate or peripheral plasma concentration. 


C. Plasma Protein Binding of Aldustebonb 

Studies on cortisol indicate that the effective concentration of the 
hormone is not the total value in peripheral plasma but the unbound 
amount. Hence, for many purposes it is necessary to estimate this 
parameter. The studies of Mills and Bartter (1959) Daughaday et al. 
(1961), Sandberg et al. (1960) and Meyer et al. (1961) indicate that 
aldosterone is only weakly bound to plasma proteins and even in preg- 
nancy the significant but small binding to proteins other than albumin 
is not appreciable (Meyer et al., 1961 ; Daughaday et al, 1961) . There- 
fore it seems that this is not an important factor in determining the effec- 
tive concentration of aldosterone in most clinical conditions. However, 
after treating women with large amounts of estrogens (0.3 mg. ethynyl 
estradiol 3-methyl ether daily) , the binding of aldosterone increases ap- 
preciably and this may be physiologically significant (Layne, 1961). 

The binding of aldosterone may be determined by an ultrafiltration 
(Mills and Bartter, 1959) or microdialysis equilibrium technique (Meyer 
et al, 1961). Both are suitable for the examination of small quantities 
of human plasma. 


VIII. Assays of the Adrenal Gland 

A. Adbenal Gland and Incubate Analysis 

The analysis of adrenal tissue, before or after incubation, is not 
particularly demanding as regards specificity compared with the assay 
of other biological materials for aldosterone. Neher and Wettstein (1960) 
report that no known compound from adrenal glands will interfere in 
the assay of the hormone by their method if it is carried out precisely. 
Therefore any of the methods described in Tables III and IV are smtable 
for this type of analysis. 

Assay of human adrenal tumors ’(Neher, 1958; Conn, 1961) is the 
major application of these methods when the tissue is not incubated. 
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Neher (1968) gives the following procedure: Tissue, obtained not longer 
than 1-2 hours after death, was chopped and homogenized in saline. 
The suspension was poured into 10 to 20 times the volume of 80% 
acetone and stirred for several hours. The residue was filtered and 
washed with 80% acetone. The total aqueous acetone mixture was con- 
centrated in vacuo and the resulting atiueous phase extracted with 
chloroform. The chloroform was then concentrated and diluted with 
petroleum ether to a 1% mixture and tliis was extracted four times with 
lialf-volume 60% methanol saturated with sodium chloride. The aqueous 
methanol was then eonoontrated and extracted with chloroform. This 
extract was then analyzed by the method of Neher and Wettstein (1956) 
(Table III, Method G) including chromatography on silica gel column. 

After incubation, in most methods the fluid is extracted with ehloro- 
fonn. Generally this is a clean extract and needs little further purification 
before chromatography. Ayres ef al. (1960) found that about 80% of the 
total aldosterone at the end of incubation of ox adrenals was extracted 
by this method and only small amounts remained in the tissue. This is 
in contrast to corticosterone, where 50% of this steroid was present in 
the tissue and was not extracted by this procedure. The usiuii soda 
fluorescence methods arc of adetiuato sensitivity for the assay of incuba- 
tion fluid from ox adrenals. Analysis of rat adrenals, after incubation 
by the method of Saffran and Schally (1955) requires greater sensitivity. 
Bioassay is used in certain procedures (Table III, ^Method F) (Stachenko 
and Giroud, 1959) . 

Studies on the biosynthesis of aldosterone using radioactive substrates 
have required a more elaborate method for the determination of the 
final specific activity of the hormone (Table IV, Method V') (Ayres et al., 
1960). The problem of this type of measurement, in contrast to the 
deteiTOination of the specific activities of metabolites in urine, lies in 
the elimination of radioactive impurities rather than in any difficulty in 
the assay of nonisotopic aldosterone. Some of these impurities, which 
may be intermediates in the biosynthesis of aldosterone, e.g., 18-hydroxy- 
corticosteronc, are difficult to remove as they tend to streak on partition 
chromatography. Neher and Wettstein (1960) have reported that, due 
to tautomerization, this is a property of certain 18-hydroxy steroids. 
As expected, if these compounds are intermediates with an appreciable 
turnover rate, preincubation and longer times of incubation may reduce 
this problem (Giroud and Stachenko, 1960). 

B. Adrenal Venous Blood 

Investigations of the mode of control of aldosterone secretion have de- 
pended to a considerable extent on the assay of dog, sheep, or rat adrenal 
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venous blood. Sensitivity of the assay is a very important factor in such 
investigations. The estimated output of tliese animals on normal elec- 
trolyte balance is of the order of 25 /*g. per liour per 100 kg. body weight 
per gland (Farrell, 1958), when large amounts of blood are taken for 
analysis from the dog and about 5 /xg. per hour per 100 kg. body weight 
per gland (Davis et ai, 1958) , when smaller volumes arc analyzed. This 
latter amount is in agreement with the in vivo estimates in man by tlie 
urinary specific activity method. In the cat (Newman et al, 1958) and 
the rat (Singer and Stack-Dunne, 1955) tlic outputs, after bleeding, 
are about 60 /xg. per hour jicr 100 kg. body weight per gland. Denton 
(1900) has estimated that in adrenal transplants in sodium replete sheep, 
the output of aldosterone is about 0.6-1.8 /xg. per hour per 100 kg. body 
weight per gland. If the adrenal blood flow is 14 ml. per minute (un- 
restricted venous output) and the hematocrit 25%, plasma flow will be 
630 ml. per hour. If 50 ml. plasma is extracted under these physiological 
conditions, about 0.08 /xg. aldosterone will be available for assay. This is 
reduced even further when the animal is on a high salt diet, or after 
hypophysectorny, or under certain conditions of deccrebration and this 
has prevented extensive studies on the inhibitoiy aspects of the mode 
of control of the hormone. Also, if large amounts of blood are taken for 
the assay to compensate for the lack of sensitivity of the method, the 
secretion of aldosterone will la* stimulated by the analytical process. 

In the early experiments on the detection of aldosterone in adrenal 
venous blood, the hormone was bioassayed after a single chromato- 
graphic run (Simj)son ct nl., 1952) or detected after chromatography 
and hydrolysis of the diacetate (Simpson ct al., 1952; Farrell ef al., 
1954). The first tyjie of method is still emi)loyed (Ganong et al., 1959; 
Mulrow et al, 1959; Method A, Table III) (Das Gupta and Giroud, 
1959; Method B, Table III) (Singer and Stack-Dunne, 1955; Method C, 
Table 111) and is capable of measuring 0.4 /xg. aldosterone (Table 1). 
The second type of method has been refined by Farrell et al. (1954) 
(Method P, Table IV) and the hormone is detected by bioassay or 
ultraviolet absorption with sensitivity of about 2 /xg. The other methods 
employed use two or three chromatographic separations of the free 
compound before detection by bioassay (Stachenko and Giroud, 1959; 
Method F, Table III, sensitivity 0.4 /xg.) or by soda fluorescence which 
is usually checked by other physicochemical methods (Neher and Wett- 
stein, 1956; Singer, 1960, Method G, E, Table III; Stachenko and Giroud, 
1959, Method F, Table III; Reich, 1958, Method J, Table III; Bartter 
et al, 1960, Method K, Table III) . In methods G, E, F, and J the fluores- 
cence is examined visually whereas in ‘methods E of Singer and K it is 
measured by a fluorimeter. The sensitivity is generally about 2 /xg. How- 
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ever, Bartter ef al. (1960) have improved this by conoentrating the 
steroid in a small area and claim a sensitivity of 0.2 fig. 

The method of Davis et al. (1958) (Method V, Table IV) used the 
labeled reagent assay of Kliraan and Peterson (1960) after extraction 
of the plasma with methylene dichloride. As described previously, 
tritiatcd acetic anhydride was used as the reagent and C^*-aldosterone 
diacetate as the indicator. The sensitivity was of the order of 0.01 fig. 
and the final ratio was satisfactorily uniform and constant. In 

the routine form of the method the recovery wai automatically cor- 
rected after addition of the indicator, i.e., only after acetylation. How- 
ever, when H*-aldosterone was added to the plasma and C^*-acetic 
anhydride was used for acetylation, similar results were obtained (Kli- 
raan and Peterson, 1960) although the recovery was then automatically 
corrected throughout the procedure. In order to avoid errors caused by 
occasional poor recoveries due to damp acetic anhydride, large amounts 
of impurities in the extract, or other possible reasons it would appear 
that the use of the double isotope dilution derivative method is better. 
The present ready availability of H®-aldostcrone should enable this 
procedure to be adapted as the routine method and although the i\ge of 
C^*-acetic anhydride is almost prohibitively expensive for multiple 
urinary analyses, this is less of a disadvantage in adrenal venous blood 
assays. Nevertheless as with the uringjy method a supply of C^^-aldos- 
terone would be advantageous at the present time to allow the use of the 
cheaper H*-acetic anhydride in some experiments. 

The method of Bojesen and Degn (1960) (Method Y, Table IV) using 
S“-pipsyl reagent and aldosterone I*®^-pipsan as the indicator has also 
been applied to the analysis of dog adrenal plasma with encouraging re- 
sults. The sensitivity was about 0.002 fig. Again it should be emphasized 
that when estimating such small quantities, uniformity of the isotope 
ratio in the final product is not the only criterion that should be used for 
specificity. Due to possible reactions of the reagent with trace amounts 
of free steroid in the added indicator, a blank value should always be 
established. As for the routine method of Kliman and Fetoson (1960) 
recovery was only corrected after the esterification step. This disadvan- 
tage could also be overcome by the addition of H*-aldosterone to the 
plasma and the use of S®*-pipsyl reagent. S*®-pipsyl reagent of the ap- 
propriate specific activity will be much cheaper than C‘*-acetic anhy- 
dride iand this should more than compensate for the 3-month half-life 
of S®*. 

The complexity and expense of labeled reagent methods may be dis- 
advantageous compared with other simpler and satisfactory methods for 
the urinary assay of the aldosterone from the 3-oxo conjugate but these 
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are minor factors relative to the labor involved in the whole experiment 
in the analysis of adrenal venous blood. Therefore, in view of the prime 
importance of achieving sensitivity which, as already discussed, should 
ideally be better than 0.08 fig, it seems that labeled reagent methods will 
become the preferred procedure for this type of analysis unless entirely 
new methods with the required sensitivity and specificity are developed, 
c.g., phosphorimetr}^ (Keirs ct al, 1957) . On the other hand, the speed 
and resolution of gas chromatographic purification may enhance the 
advantages of labeled reagent methods if suitable derivatives are found. 
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1. Introduction 

Measurement of adrenaline (A) and noradrenaline (NA) may he 
acliieved by colorimetric methods, bioassay, and, in the past decade, 
by fluorometric methods which have come to prominence. Bioassay 
methods and procedures for the extraiiion and separation of A and NA 
have been discussed in Volume I of Uiis scries. This chajiter will deal 
with the chemistry and colorimetric and fluorometric methods for the 
determination of A and NA. 


11. Chemistry 

Adrenaline (Fig. 1, I) and noradrenaline (Fig. 1, II) are catechol 
j8-cthanolamines and, therefore, have chemical properties of phenols, 
alcohols, and amines. Reactions with oxidizing agents, reducing agents, 
and metals, as well as conjugation, are possible. Complete loss of 
biological activity is achieved with alkaline pH and heat. The racemic 
form may result from overheating even in acid solution, which causes 
loss of biological activity. Ascorbic acid is used quite extensively as a 
preserving agent during chemical manipulation. The use of solvents 
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presents difficult problems because these amines are highly soluble in 
aqueous media and solvents which are miscible with water, such as 
alcohol and acetone. Redistillation of solvents is essential, since traces 

HO -j^CHOH-CH2-NHCH3 

HOIV 


HO |f^CHOH-CH2-NH2 

H0»l^ 

ir 

Fig. 1. AdrcnalineCI) and noi adrenalinedl). 

of impurities will cause loss of biological activity. Glassware used should 
receive special attention during cleaning. Optical density measurements 
of catechol amines at 279 m/i are useful for general purposes, though 
not specific for A and NA. Though catechols as a group have a nafhral 
fluorescence which is activated at 285 m/t and fluoresces at 325 mp. 
(Duggan et al., 1957) , the formation of adrenolutin.s and ethylenediaminc 
conjugates makes possible quantitative differentiation of, A and NA. 

A. Lutines 

The yellow-green fluorescence developed when A solutions were 
treated with strong alkali was shown to be specific (Loew, 1918; Paget, 
1930). Further studies indicated that oxygen was essential for the re- 
action and that NA had only 2% of the fluorescence of A (Gaddum and 
Schild, 1934). Attempts to utilize this reaction for quantitative purposes 
were unsuccessful, because of its instability. Formation of the fluorescent 
compound occurred more rapidly than the degradation ; thus, fluorescence 
increases initially and then decreases after having reached a maximum. 
Identification of this fluorescent compound was achieved by a number of 
researchers (Ehrlen, 1948; Fischer, 1949; Lund, 1949a; Harley-Mason, 
1950). The chemical constitution was established as 1 -methyl -3,5, 6-tri- 
hydrojyindole (THI). 

Adrenaline (Fig. 2, 1) is oxidized in alkaline solution to adrenochrome 
(Fig. 2, III), which has no fluorescence, through the formation of 
leucoadrenochrome (Fig. 2, II) . The latter compound has as yet not been 
isolated, because of its instability. The fluorescent compound, adrenolutin 
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(Fig. 2, IV) , was formed through rearrangement of adrenochrome (Fig. 2, 
III). The addition of ascorbic acid in the last step prevented further 
oxidation of the fluorescent compound, thus achieving a stable fluo- 
rescence (Ehrlen, 1948). 



"0 Ke.tone(acidi pH) 

liO 

I 

Fio. 2. Formation of a fluorescent compound by oxidation of adrenaline in strong 
alkali. 

Acetylation with acetic anhydride-pyridine resulted in isolation of 
3,5,6-triacetoxy-V-methylindoic (Ilarley-Mason, 1950). The fluorescent 
compound was obtained by ether extraction after immediate neutraliza- 
tion of the alkaline solution. (Fischer, 1949). Crystallization of the fluo- 
rescent compound was achieved in this fashion. The Belgian group also 
showed that adrenochrome may be isomerized to 3,5,6-trihydroxy-l- 
methylindole by treatment with zinc acetate in neutral solution (Fischer 
et al., 1950). When strong alkali was added to oxygen-free adreno- 
chrome, a change in color from yellow-green to yellow fluorescence oc- 
curred; the addition of acid changed the fluorescence to green (Lund, 
1949b). These studies confirmed that the fluorescent compound was 
formed, by the addition of alkali to adrenochrome, by an isomeric trans- 
formation to l-methyl-3,5,6-trihydroxyindole. 

B. Ethylenediamine Conjugation 

The demonstration of the fluorescent compound activated at 435 
by conjugation of adrenaline and ethylenediamine was shown to be 
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I'lG. 3. Ethylenediamine conj ligation with adrenaline and noradrenaline. 
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specific (Natelson et al., 1949). Previous studies indicated that oxidized 
catechols form fluonisceul condensation products with o-phcnylcno- 
diaminc (Pugh and RaiM;r, 1927; Wallcrstcin ct al, 1947). The preferred 
reaction in an oxidative condensation was in the two positions para to 
the quinoid oxygens (Fig. 3, I). When substituents are present in the 
para position to the quinoid oxygons, a nonoxidative condensation takes 
place. In the case of ethylencdiamine conjugation with catechol, both 
types of reaction take place (Fig. 3, II). With adrenaline rapidly 
cyclizing to adrenochrome, which has no para position to quinoid availa- 
ble for reaction, condensation takes place with quinoid oxygens (Fig. 
3, III) (Hackman and Todd, 19.')3). The main product with NA is 
the same as that fonned with catechol (Fig. 3, IV). This is explained 
by noting that, since NA cyclizes much more slowly than A quinone, 
there is conjugation of ethylencdiamine in position 6. Then cyclization 
of the ethylencdiamine side chain hakes place with elimination of the 
)8-ethanolamine portion of the NA molecules. This reaction occurs only 
if the hydroxyl group is on the /S-carbon (AVoil-Malhoihe, 1959). 
Another mole of othyhaiodianiine then condenses with the quinoid 
oxygens. Various other reactions have been hypothcsiz(>d as side products. 
Some investigators have rejwrtod several fluorescent derivatives in each 
of these reactions (Burn and Field, 1956; Nadeau and Joly, 1958; 
Young and Fischer, 1958). IVeil-Malherbc contends that this may be 
due to the increa.se in the ratio of A and ethylenediaminc used. He 
em|)hasizes that Avlnm the reaction is conducted under optimal con- 
ditions ns described (Weil-Malherbc and Bone, 1952, 1954), the fluo- 
rescent spectra of A and NA arc .symmetrical curves with single peaks. 


HI. Colorimetric Methods 

Adrenaline is easily oxidized under various conditions to form adreno- 
chrome. A number of tests using a dozen different oxidizing agents 
depend on this reaction (Munch, 1931), and, though these te.st8 are not 
sensitive, they are fairly specific. 

Other methods in which A acts as a reducing agent arc more sensitive, 
but generally less specific. Other reducing substances must therefore be 
removed before the test can be applied. Naphthoquinone condensation 
with the primary amine allows measurement of NA in mixtures of A 
and NA. 
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A. Iodine Method 

Oxidation of preparations containing A and NA with iodine forms 
corresponding iodochromes, which have been utilized for the purposes 
of chemical assays (von Euler and Hamberg, 1949). The technique is 
based upon the dilferences in the rate of oxidation of A and NA at a pH 
of 4.0 with iodine. Adrenaline is completely transformed to its respective 
chrome in IJ minutes, at a pH of 4.0, while only IG^ of NA is oxidized 
at this same pH in the same time. At a pH of 6.0, both catechols arc 
completely oxidized in 3 minutes. To stop the reaction at its prescribed 
time, an excess of 0.05 N thiosulfate is added. This reaction is carried 
out at pH 4.0 and 6.0, and the respective times of IJ and 3 minutes. 
A blank is prepared without iodine and the colors developed are measured 
at 629 nifi. The colors developed at these pH values differ somewhat in 
that a blue tint is present at pH 6.0. Limitations of this method depend 
on the various concentrations of A and NA present in the mixture. 
Accuracy, in terms of standard deviation, is about 1% when single 
amines are measured. The standard deviation increases to 5-10% yhen 
one or the other of the amines is present in a concentration of 10-20% 
in the mixture. If either catechol is present in amounts less than 5%, 
the error is considerable. A column of neutral Permutit on which the 
mixture of catechol amines are adsorbed and then treated with iodine 
has been described (Lecomptc and Fischer, 1949). A solution of iodine 
is passed through the column at a pi I of 4.0 in 0.2 M potassium 
phthalate. Under these conditions, A is rapidly transformed into its 
iodochrome and washed out of the column without removing the NA. 
The procedure is repeated at pH 7.0, using 0.1 N iodine and 0.2 M 
phosphate buffer, and in 5 minutes NA is oxidized. The iodochrome is 
washed out with the phosphate buffer at a i)ll of 7.0. The color of the 
chromes are then measured separately in a colorimeter. 

B. Permanganate Method 

The use of permanganate as the oxidant avoids the inconvenience of 
obtaining color tints differences as observed with iodine (Suzuki and 
Ozaki, 1951). At a pH of 3.6, A is completely oxidized in 2 minutes with 
only ^10% of the NA oxidized under the same conditions. At a pH of 
6.6, both compounds are completely oxidized in 3 minutes. Then 
0.1 ml. of permanganate reagent is added to aliquots of the same 
^mple, and after 2 minutes at pH 3.6, and 3 minutes at pH 5.6, 
hydrogen peroxide is added to the mixture and subsequently diluted to 
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a 6~id1. volume. The amounts of A and NA are calculated by a given 
fonnula. 


C. Arsenomolybdic Acid Method 

Though this reaction is the most sensitive of the colorimetric methods, 
its main drawback is its lack of specificity (Whitehom, 1935; Shaw, 
1938; Haab, 1943). Considerable criticism has been made of this method 
because of erratic results obtained (Bloor and Bullen, 1941; Verly, 
1948). Essentially, the method calls for the adsorption of A and NA on 
alumina which is then dissolved in sodium hydroxide. After 2 minutes, 
sulfite reagent is added. The mixture is then transferred to a tube con- 
taining arsenomolybdic acid reagent which has been previously heated 
in a water bath. The reaction is allowed to continue in a hot water bath 
for 5 minutes, cooled, and brought to volume with water. The blue 
color obtained is read 15-20 minutes later with a reagent blank and ap- 
propriate standards. The test is sensitive at 0.05 /ig. of A and 1.0 /tg. 
of NA. 


D. Naphthoquinone Condensation 

This method is based on the principle that the sulfonic acid group 
of l,2-naphthoquinone-4-sulfonate can be replaced by a primmy amine, 
usually yielding a colored compound (Auerbach and Angell, 1949). 
Secondary amines generally do not react under these test conditions. 
This makes it possible to determine the concentration of NA in the 
presence of A. The method consists primarily of the reaction of NA in 
50- to 100-/rg. amounts with naphthoquinone reagent in a borate buffer 
with a pH of 9.6. This mixture is allowed to stand for 45 minutes at 
room temperature, with gentle shaking at regular intervals. Benzalkonium 
chloride is now added, followed by 10 ml. of toluene-ethylene dichloride. 
This mixture is again allowed to stand for 45 minutes, with gentle 
shaking at regular intervals. The solvent layer becomes a purplish-red, 
if NA is present, and should separate clearly. The colored layer is 
removed and read in a spectrophotometer at 540 m^i. A blank is run, 
containing about 1 mg. of A. The borate buffer diminishes the side re- 
actions of catechol groups. Benzalkonium chloride yields a fatty salt 
which is essentially an acetic dye. The colored compound has a broad 
band maximum of 530-i560 m/jt. Extraction with toluene-ethylene di- 
chlbride, eliminates interference by rach compounds as dihydroxyphe- 
i^lalanine and dihydroxyphenylethylamine. 
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IV. Fluorometric Methods 

The introduction of fluororaeters and the understanding of the 
chemistry of fluorescent compounds produced by catechol amines have 
resulted in the publication of a number of methods for analyses of 
blood, urine, and tissues. The {)rincipal methods now in use are based 
upon the formation of lutins (Lund, 1949a, b) and ethylenediamine con- 
jugates (Weil-Malherbe and Bone, 1952, 1954). 

A. Thihydroxyindole (THI) METHon 

Urine (von Euler and Lishajko, 1959), blood (Cohen et ah, 1959), 
and tissues (Shore and Olin, 1958) may be estimated by measuring 
the fluorescence produced by the formation of lutins (see Section II, A) . 
The essential feature of all the.se methods requires the adsorption of 
catechol amines on alumina, cither by a “batch” or a column method, 
with subsequent elution by such acids as sulfuric, acetic, and oxalic. 
Determinations of mixtures of A an<l NA arc achieved by differential 
oxidation at pH 3.0 and 6.0, or by the use of multifiltcrs and the 
spectrophotofluorometer. Oxidation is achieved by using such agents as 
manganese dio.xide, iodine, and potassium ferricyanide. Stabilization of 
the fluorescent compound with ascorbic acid (Ehrlen, 1948) then makes 
possible the estimation of quantitative aspects of the fluorescence with 
a suitable instrument. 

Various modifications of the method are thuh po.ssible and the 
variability in results is due to a lack of standardization of the method. 
There is, howc\er, some agreement that the alumina column method is 
preferable to the “batch” metho<l; that acetic acid and oxalic acid are 
more selective of the amines and do not include such interfering com- 
pounds as catechol acids, us in the case with sulfuric acid (Weil- 
Malherbe, 1959) ; that iodine docs not quench the fluorescence fts much 
as ferricyanide (Crout, 1959) . Instrumentation has not been standardized 
and arguments have been given in support of the use of a band of exciting 
light that is sufficiently shielded, but which covers most of the solution, 
rather than a single beam of light concentration in a small area of the 
solution. The emitting light should be mca.sured from the bottom of 
the tube, so that only one area of resistance of glass is made with the 
open end free (Weil-Malherbe, 1959). The requirements of a good 
spectrophotofluorometric assay includes a minimum of scatter and 
quenching. Light scatter nray be reduced by seeing that no solid particles, 
either from the reagents or from a fine precipitate of aluminum salts, are 
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present. Quenching may be tested by showing that the addition of a 
standard solution to the extract to be assayed results in an additive 
effect without any loss of fluorescence. For example, the titer of the ex- 
tract to be measured, plus the standard separately, should be equal to 
the same degree of fluorescence as when the extract and the standard 
arc mixed. It appears that the THl method involves more light scatter 
and quenching than the EDA method. The blank also offers a problem in 
the THI method. There is a tendency for the blank to rise with time, at 
a faster rate than the samples themselves (Grout, 1959) . A discrepancy 
of 5 units may appear in 30 seconds, due to the decomposition of 
ascorbic acid which is used in .strong alkali for stabilization of the 
fluorescence. 

The THI method may bo performed willi 25 ml. of urine (von Euler 
and Lishajko, 1959). The motho«l con.si.sts ess(‘ntially in boiling and 
fdtering the urine to which is added the disodium salt of ethylenediamine ; 
the mixture is adju.stcd to pH 8.3 with sodium hydroxide. A column 
of 10-tnm. bore is i)repared with 1.0 gm. of aluminum oxides The 
mixture is then carefully added to the column ami allowed to pass 
through at a rate of 1 to 2 ml. per mumte. The column adsorbs about 
957c of the catechol amines. Elution i.s achieved with the addition of 
0.25 A' acetic acid to the column. The eluate is oxidized with imtassium 
I'erricyanide after adjusting to i)H (».2-{).3 with ammonia. Lutins are 
formed with treatment with strong alkali-containing ascorbic acid. Filters 
are used (Cohen and Goldenberg, 1957) for analysis of A and NA with a 
C'oleman fluorometer. Filter s. t A consists of a primary interference 
filter 395 m/i, for excitation, combined with an Ilford Bright 623 
secondary filter (peak tran.smission 490 m/x). This fdter combination 
measures A. and HA with ecpial fluor''scence intensity. Filter set B, 
compost'd of a 436-m/x interference filter for e.xcitation and a Corning 
3486 secondaiy filter (pcfik transmi.ssion 354 m/il , gives 3 times as high 
a fluorescence for A as NA, w'ith a .suitable blank; and, formula calcula- 
tions may be made for A and NA (Cohen and Goldenberg, 1957). 

Essentially, the same method may be used for plasma analysis 
(Cohen and (joldenberg, 1957; Price and Price. 19.57). 

B. EtiIYLEXEDIAMINE C0N.JXTriATI0N 

Ethylenediamine conjugation reaction (EDA) has been utilized for 
blood (Weil-Malherbe and Bone, 1952, 1954; Mangan and Mason, 
1958; Manger et al., 1959), urine (Weil-Malherbe and Bone, 1^57), 
and 'tissujes (Blaschko et al., 1955; A-iontagu, 1956). Great variability 
in A data on blood has appeared, using this method (Table I). The 
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urine method is rather complicated and requires the additional use of 
the THI method because of the presence of dopamine in the urine. 
Various modifications of the EDA method have been extensively used 
(Weil-Malherbe and Bone, 1954; Aronow and Howard, 1955; Richard- 
son et al, 1956; Zileli et al, 1957; Mangan and Mason, 1958; Millar 
1966; Manger et al., 1959). 

The EDA method gives higher values than the THI method (Table 
I). This may be explained in part by tlie fact that antioxidants are 

TABLE I 

Fluoromkteic Method.s 


No. of 

Adrenaline 

Noradrenaline 


subjects 

0»g. /liter) 

Oxg. /liter) 

lloference 


Trihydroxyindole (THI) method 


65 

0.06 ± 0.05 

0.30 ± 0.07 

Cohen and Ooldenbcrg (1957) 

12 

0.01 ± 0.07 

0.34 ±0.15 

Price and Price (1057) 

4 

0.00 ± 0.01 

0.20 ± 0.19 

de Valk and Pric^e (1950) 

76 6 

0.07 ± 0.01 

0.35 ± 0.01 

Vendsalu (1960) 

50 9 

0.06 ± 0.01 

0.35 ± 0.01 

V^endsalu (1960) 


Ethylenediaminc (EDA) conjugation 

22 d 

1.18 ± 0.21 

5.29 ± f.lO 

Weil-Malherbe and Bone (1953) 

21 9 

1.46 ± 0.38 

5.10 + 0.74 

Weil-Malherbe and Bone (1953) 

7 

0.14 ± 0.21 

3.96 + 1.7 

Manger et al. (1954) 

6 

0.4 + 0.2 

2.1 ± 1.3 

Aronow and Howard (1955) 

17 

0.097 ± 0.1 1 

2.74 ± 1.4 

de Valk and Price (1956) 

12 

— 

2.09" 

Mangan and Mason (1958) 

6 6 

0.18 ± 0.16 

4.4 ± 1.1 

Manger et al. (1959) 

6 9 

0,51 ± 0.22 

2.4 ± 0.54 

Manger et al. (1959) 


** Mean value. 

not added to the blood with tJie THI Jiiethod. The large concentration 
of ascorbic acid may be responsible for quenching (Manger 1959). 
An important modification of the EDA method requires the use of thio- 
sulfate which inhibits the fluorescence of NA, but not A, thus avoiding 
the measurement of mixtures of catechol amines (Manger, 1959). This 
modification is less sensitive only because 2 aliquots are used for each 
determination. It must be pointed out that the EDA and THI methods 
have been reported to give essentially the same values (Weil-Malherbe 
and Bone, 1958), but these methods still do not agree with bioassay 
methods. 

The EDA method for plasma determinations require 16 ml, of 
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blood (Mangan and Mason, 1958). The sample is drawn into a syringe 
containing 5 ml. of fluoride-thiosulfate solution. The plasma is then 
separated by centrifugation. The presence of fluorescent material pre- 
sumed to be A and NA in red colls requires considerable care at this 
point (Weil-Malherbe and Bone, 1954). The plasma is added to equal 
parts of sodium acetate buffer and the mixture is adjusted to pH 8.4 
with sodium carbonate. The column stem used is 5 mm. in bore, re- 
quiring about 0.5 gm. of aluminum oxide. Mild suction is required to 
allow an adequate flow of fluids through the column. The plasma-acetate 
mixture is then added to the column, followed by 5 ml. of acetate buffer 
and 5 ml. of glass-distilled water. Some difficulty may be encountered 
due to blocking of the column by plasma lipids. This may be overcome 
by displacing the precipitate with a glass rod. The adsorbed A and NA 
may then be eluted by passing 5 ml. of 0.2 N acetic acid through the 
column, followed by 5 ml. of water. Ethylcnediamine dihydrochloride 
solution is then added to the eluate, followed immediately with ethylene- 
diamine and the reaction carried out at 50°C. for 20 minutes. At the end 
of this period, the samples are placed in a cold water bath and, after 
cooling for 5 minutes, the mixture is saturated with sodium chloride and 
extracted with isobutanol in a mechanical shaker. The isobutanol phase 
is transferred to a fluorometric curvette and fluorescence determined by 
use of a formula (Mangan and Mason, 1958). 

The marked discrepancy reported in the values for concentration 
of A and NA in systemic blood by the EDA and THI methods have 
been of major concern. Based on piiysiological considerations, it is quite 
clear that the values given by EDA procedures are high. The recent 
extensive studies (Cohen ei al., 1959; ^'cndsahi, 1960) have further re- 
affirmed the validity of the TUI method. Vend.salu (1960) uses quite a 
different extraction procedure (Dowex 50-X4) with the Aminco spectro- 
photofluorometer. More recently, evidence has been presented by Weil- 
Malherbe indicating the presence of catechol acids with use of the EDA 
procedure, which could account for the high values obtained (von 
Euler, 1961) . Resolution of this problem .“hould soon be achieved. 
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1. Inlroduction 

A, Historical 

The detenninution of substances associated with thyroid activity 
started with Emil Baumann who, in 1896, first demonstrated the presence 
of an insoluble form of iodine in the thyroid gland. Interest in this area 
had previously been aroused by the earlier work of Fyfe (1819), that 
burnt sponge, used as a folk remedy for goiter, contained iodine, of 
Coindet (1820), that iodide itself could be used to treat goiter, and of 
Chatin (1850) associating endemic iodine deficiency with goiter. As one 
reads the extensive papers of Baumann (1896), Osw^ald (1899), Hutchi- 
son (1896), and others of that day, he senses frustrations of methodology 
similar to those facing thyroid workers even now. At that time, there was 
no information about specific iodoprotein compounds and Baumann could 
only show close association of the iodine with protein and a clear differ- 

^ Original work presented in this review wtts supported by Research Grant A-1546, 
National Institutes of Health, U.S. Public Health Ser\dce and by a research grant 
from the Smith, Kline and French Foundation. 
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ontiation from inorganic iodide. It was not long after this that Hutchison 
(1896) could show a correlation between the therapeutic activity of thy- 
roid hydrolytic products and their iodine content. 

With the establishment of the value of thyroid replacement therapy in 
myxedema, also late in the nineteenth century (Murray, 1891), deter- 
mination of thyroid materials became of practical importance. Revision 
VIII of the U.S.P. (Pharmacopeia, 1905) first gave a test for combined 
iodine in desiccated thyroid substance, to be perft^med by KNO3 oxida- 
tion in fused alkali and extraction of free I 2 into chloroform yielding a 
“decided pink to violet coloration.” By revision IX (Pharmacopeia, 1916) , 
the assay had been made quantitative, involving a final titration of 
liberated I 2 with 0.02 N Na2S20s. The present limits of 0.17-0.23% 
iodine in combined form and freedom from inorganic iodide were pre- 
scribed at that time. The difficulties of correlating such thyroid iodine 
determinations with physiological activity will be discussed later. 

It is noteworthy that, as early as 1905, Wheeler and Jamieson had 
shown that Drechsel’s Jodgorgosaure, isolated from the horny skeleton 
of coral following alkali treatment, was diiodotyrosine. In spite of much 
interest in iodotyrosinc (cf. Wheeler and Mendel, 1909), when HOndall 
obtained the first ciystalline thyro-active compound in 1919, he consid- 
ered it a triiodooxyindole derivative, giving it the name “thyroxine.” 
This situation arose partly from mt^^ntcrprctation of a color test and 
partly from erroneous nitrogen analyses, leading to the belief that each 
molecule contained only three iodine atoms. Not until Harington and 
Barger (1927) gave the complete proof of thyroxine structure and also 
isolated 3,5-diiodotyrosinc from the thyroid gland was the relationship 
between thyroxine and diiodotyrosine made clear. 

This theory of production of diiodotyrosine, followed by condensation 
of two diiodotyrosines to thyroxine, elaborated by Johnson and Tewkes- 
bury (1942) , has been experimentally confirmed by observations on incor- 
poration of radioiodine into thyroid protein in vivo (Mann et al., 1942) and 
in vitro (Morton and Chaikoff, 1943) as well as nonenzymatic in vitro 
thyroxine formation in proteins containing tyrosine (Roche et al., 1947) . 
A possible specific importance of “protective” combination of the car- 
boxyl and amino groups of tyrosine becomes apparent upon comparison 
of the increased yields of thyroxine derivatives obtained from cou- 
pling of free diiodotyrosine (4%), N-acetyldiiodotyrosine (26%), and 
N-acetyldiiodotyrosylglutamic acid (35%) (Pitt-Riv^, 1948). Still more 
recently, Pitt-Rivers and James (1968) have obtained -as much as 60% 
coupling using the more complex peptide a-(N-ace1yl)-£-(N-acetyl- 
diiodotyrosyl) -lysine, 

A detailed historical background of thyroxine analyses was presented 
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by Pitt-Rivers (1950). In the 10 years since her review, much new ma- 
terial has been brought to light, especially that involving an increased 
attention to iodinated substances other than thyroxine. This develop- 
ment was largely catalyzed by the discovery of the biologically more 
active 3,5,3'-triiodothyronine (3,5,3'-T3) (Gross and Pitt-Rivers, 1952). 
This compound had been postulated earlier by Hird and Trikojus (1948) 
on the basis of chromatographic studies of iodoprotein hydrolysates, but 
bioassay of isolated material showed low activity. 

In addition to 3,5,3'-T3, two other expected iodothyronines, 3,3',5'- 
triiodothyronine and 3,3'-diiodothyronme, have been reported present in 
rat thyroids and blood (Roche et aL, 1955, 1956) , undoubtedly represent- 
ing the combination of 3,5-diiodotyrosine (DITy) plus 3-monoiodotyro- 
sine (MITy) and MITy plus MITy, respectively. The absence of 3,5- 
diiodothyroiiine and thyronine points to the imi)ortance of iodination on 
both tyrosine molecules as a prelirninaiy to coupling. Following adminis- 
tration of 3,5,3'-T3 to dehepatized dogs, Flock ct aL (1960) have en- 
countered the sulfate ester of 3,3'-T2 in plasma and urine as tlie chief 
metabolite. Other than this report, neither 3,3'-T2 nor 3,3',5'-T3 has been 
found in large quantities, either j)reformcd or as metabolic products of 
other compounds. Neither can be considered as metabolically active ^'thy- 
roid honnones/’ but the isomeric T3 has been found to hav e an interesting 
thyroxine-blocking effect (Barker ct al., 1960). 


B. GeXKHAL (bxsiDERATION OF PuOCEDl HKS 

From what has been presented, it (am be appri'ciated that the present 
status of the thyroid hormone analytiral situation is one of deciding 
between spcH'ificity and sensitivity of determination. A combination of 
the two requires considerabh^ extra care and labor, if, indeed, it can be 
accomplished at all. 


I I 

IgCHCOOH 
NH, 

(2) 

Fig. 1. The structure of thyroxine (T^) (see text). 

Examination of the structure of T^ (Fig. 1) and similar compounds 
reveals three chemical characteristics which have been used for analyses: 
(1) the organic iodine, <2) the a-amino acid side chain, (3) the 4'- or 
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4-phenolio hydroxyl. The first is the only imique function and can be 
made the most sensitive, either by chemical or radioactive tracer deter- 
minations. The presence of the alanine side chain enables the use of the 
conventional ninhydrin reaction, but the large iodinated diphenyl ether 
substituent interferes to such an extent that much more material is re- 
quired than with most other a-amino acids. Several reactions involve the 
phenolic hydroxyl group, especially as modified by the adjacent iodines. 

Since none of these reactions is truly capable, of differentiating one 
thyroxine-like substance from another, a great deal of attention has been 
paid in the literature to methods for the physical separation of the 40 
or so compounds of interest, including the analogs with fatty acid side 
chains. For the purpose of convenience, the ensuing discussion will first 
consider methods of separation and then the actual determination of 
tliyroxine compounds. In this way, comparisons can be made of different 
workers’ approaches to the various major problems. The large number of 
reports on technique imply that none is as yet completely satisfactory, 
although continued experiences with any fundamentally sound procedure 
reveals the minutiae of careful handling required for consistent results 
more than any light-hearted skipping from one to another. The jB’esent 
account can do nothing more effective than call attention to various types 
of methods, including only a small amount of detail. No attempt will be 
made to discuss or even to cite every procedure reported. 


II. Separation of lodo-Compounds 

The iodoamino acids arc found in two fonns: “free” or in peptide 
linkages. Every tissue must have some free material, representing its 
equilibrium with the plasma. However, in the presence of soluble protein, 
such as albumin and certain globulins, the iodoamino acids are more or 
less completely bound to the protein. This is not a covalent bond, since 
it can be split by simple extraction with various organic solvents, in con- 
tradistinction to, the strong methods required to disrupt the peptide link, 
but it is strong enough to jKjrsist during electrophoresis. 

It is obvious that careful consideration should be given to tlie jmrpose 
of any series of analyses in order to carry out the proper preliminary 
steps. Often these are fully as important as the final delicate determina- 
tion. Table I outlines the steps in handling the two types of iodoamino 
■Rcid combinations. The ensuing discussion will follow Table I in each 
instance down to the common item of actual determination. For con- 
venience, there will be some cross-over where this seems most logical. 
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TABLE I 

Handling of Vabious Types of Iodoamino Acid Combinations 


Nature of linkaRe 

Exami)les 

Procedures 

Free or loosely bound 

Plasma PBI 

Electrophoresis 


Tissue PBI 

PBI procedure 

Solvent extraction 

Chromatography 

Determination 

J^eptide-lifikcMl 

Thyro^lobulin 

Isolation of protean 


Other natural iodoproteins, 

Hydrolysis 


normal and abnormal 

Separation of amino acids 


Synthf'tie iodoproteins 

I )etermination 


A. Free, or Noxcovilekt-Hoi ni) (’ompoi nds 
1. Electrophoresis 

This tyjie of [ireliniinui-y separation lias been used especially in inves- 
tigations of plasma levels of 1% and T:* and has been veiy important in 
developing the concept of transport by loose binding with specific plasma 
proteins (Gordon et al., 1952). The conventional Tisclius barbiturate 
buffers at pH 8.6 with either paper or starch support showed a T4-inter- 
a-globulin complex, and a T4-albumin complex fomiing with larger quan- 
tities of T4 (above 15 p.g.%) (Robbins el al, 1954). Since T3 was easily 
displaced from any combination with the a-globulin, it was considered 
a specific “thyroxine-binding protein” vTBP), or “thyroxine-binding 
globulin” (TBG). 

More recent electrophoretic studies (Ingbar, 1960), employing tris 
hydroxymethyl aminomethane or other nonbarbiturate buffers, have re- 
vealed the presence of a “prealbuinin” with a considerably greater T4- 
binding ability, but with less T4 specificity than claimed for the 02- 
globulin. Considerable amounts of Tetrac and Tetraprop added to serum 
can be bound to the prealbumin, but not to TBG ; 3,5,3'-triiodothyroninc 
is not bound to the prealbumin, but Triac and Triprop are. Most of these 
analyses have been done with added I^‘*^-labeled T4 or T3, or with plasma 
of animals or patients after administration. 

As pointed out by Ingbar (1960), the emergence of the additional 
thyroxine-binding prealbumin is so recent that its implications on phys- 
iological thyroxine transport cannot yet be fully evaluated. However, 
it should be kept in mind that T4, even at 1000 fig.%, is entirely bound 
to protein, in contrast to T3, and that albumin, with only a low molecular 
binding ability, may be quantitatively important because of its higher 
concentration (Robbins et al., 1954). 
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By means of the extremely new technique of immunoelectrophoresis, 
Clausen and Munkner (I960) report finding added radioactive T 4 and T 3 
associated with the three known lipoproteins of human scrum, in the pro- 
albumin, albumin, and o-globulin areas. No specific binding could be 
detected between T 4 or T 3 and any of the glycoproteins of human scrum, 
such as the thyroxine-binding a-globulin has been thought to be. 

Such results indicate such a lack of certainty about T 4 binding as to 
cast considerable doubt on the otherwise ingenious estimation of plasma 
T 4 by means of the redistribution of added radioactive T 4 between albu- 
min and the inter-tt-globulin TBP area (Ekins, 1960). 

Thyroxine-binding activity has been demonstrated in a variety of 
body fluids, such as cerebrospinal fluid (Alpers and Rail, 1955) lymph, 
and joint and ascites fluid (Freinkel et ah, 1957). Not as much investiga- 
tion has been given to solid tissues, undoubtedly because of difficulties in 
preparation of consistent protein solutions. Tata (1958) ha.s demon- 
strated the existence of skeletal muscle TBP with cpiite diflerent electro- 
phoretic characteristics than the serum TBP from the same species. Tt 
may be inferred from the finding (Etling and Barker, 1959) of rapid uj)- 
take of thyroxine by rat kidney that binding also occurs in this tissue. 
A more specific study by Freinkel et al. (1957) led to the conclusion that 
the distribution of T 4 between protein-containing solutions and slices of 
liver, heart, and kidney could be forirfulated in terms of reyersible binding 
on the part of compounds of both tissue and extracelhilar fluid. 

It is quite possible that combinations of saline extraction, ultra- 
centrifugation, and electrophoresis apidied to other tissues might yield 
important information concerning association of T 4 with specific proteins. 

A procedure for evaluation of T 3 uptake by peripheral cells has 
been proposed by Haraolsky et al. (1957, 1959). This involves a 2-hour 
incubation at 37°C. of an aliquot of w'hole blood with radioiodinc- 
containing T3. Following this, the blood is centrifuged and the red blood 
cells (R.B.C.) washed 5 times wdth a tenfold volume of saline. Activity 
remaining in the packed cells is determined in a well counter and the 
results expressed as per cent uptake by the R.B.C., on the basis of a 
hematocrit reading of 100. Excellent separation is reported between low 
uptake in known hypothyroid patients (9.6%) and euthyroids (14.6%), 
and slight overlap between euthyroid and hyperthyroids (23.1%). Al- 
though the theoretical basis for this test is not secure, it is presumably 
the result of differing availability of Ts-binding sites. An attempt by 
Friis (1960) to correlate with T 4 binding was not successful. 

Besides having been shown to be statistically valid, the procedure 
has much to recommend it as being manipulatively simple, avoiding ex- 
posure of the patient to radioactivity, and at the same time being, at 
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least partially, a functional evaluation of peripheral cellular activity. 
Mead (1960) has called attention to discrepancies produced by the pro- 
longed washing after incubation, since no stable equilibrium is reached. 
On theoretical grounds, even assuming that as much as 10% of the 
packed R.B.C. volume was plasma after the first centrifugation, one 
washing with 10 volumes of saline per volume of R.B.C. should leave only 
about 0.05% of the original activity contaminating the R.B.C., and two 
such washings about 0.0005%. Those low errors of contamination make 
re-examination of the important details of washing imperative before the 
technique becomes completely established. 

Electrophoresis in 0.05 M ammonium carbonate solution at a fairly 
high direct current of 5(K) volts can be used to separate iodide and the 
fatty acid analogs of T,t and T,; from Ts and T 4 . Roche and Michel (1960) 
have also moved the sulfate ester of T 4 away from T 4 -glucuronide by 
this procedure. The greater mobility of the substances with a higher net 
charge enables such a separation by their migration toward the anode. 

2. Pla.wia or Senirn ‘^Protein-Bound Iodine’^ Procedure 

a. Protein Precipitation and Washing. This is an important prelimi- 
nary to the clinical determination of the “prot<‘in-boimd iodine” (FBI) 
of the blood plasma as well a.s to certain other detenninations of protein- 
linked T4, T3, etc. I(, is necessary not to confusi; the iihysiological, loosely 
associated TBP (globulin or prealburain) of plasma with the coprecipi- 
tation of T 4 and T;, (but not MITy or DITy) with denatured protein or 
with the peptide-linked T 4 , T 3 , MTTy and DTTy found in thyroglobulin 
]ireparations, no matter how superficially similar such preparations may 
seem. The clinical applicability of determining the level of iodine pre- 
cipitated with the serum proteins is based on the fortunate fact that T 4 
and T3, the physiologically active materials found in the plasma, are so 
precipitated, and that inorganic iodide is not. 

Another confusion in terminology should be avoided, namely that all 
FBI is hormonal. FBI is a purely descriptive term related to the deter- 
mination of iodine associated with protein. In the thyroid gland, except 
for traces of free iodoamino acids, all the organic iodine is contained in 
peptide-linked compounds, and hence is precipitated with protein, .even 
though only about 30% is T 4 plu.s T.,. It can easily be shown that a host 
of organic compounds containing C — I covalent bonds, such as iodopy- 
racet (Diodrast®), tetraiodophenolphthalein (Iqdeikon®), acetrizoatc 
(Urokon®), diatrizoate (Hypaque®), iophenoxic acid (Teridax®), used 
widely in roentgcnographic contrast media, are coprecipitated with any 
proteins pro-sent (Astwood et al, 1957; Cassidy, 1960; Heijderaann and 
Lindeboom, 1958). Some evidence suggests that the blood levels follow- 
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ing their administration by practically any route are truly associated 
with plasma proteins in the circulation. They are not metabolic stimu- 
lants [Barker et al. (1951a and unpublished) have actually found some 
to block the peripheral activity of T4], regardless of being protein bound. 

The most effective methods of protein precipitation are the zinc hy- 
droxide (Somogyi) and the trichloroacetic acid (TCA) . For the former, 
1.0 ml. of plasma or scrum in a centrifuge tube is diluted with 7 ml. of 
distilled water and 1 .0 ml. of 10% zinc sulfate added- The contents of the 
tube are mixed with a fine glass stirring rod or with a Vortex® stirring 
device. One millimeter of 0.5 N NaOH previously standardized against 
the zinc solution (Barker et al., 1951b) is added and the solutions thor- 
oughly mixed to ensure even distribution of the alkali and complete pre- 
cipitation of the proteins. 

The TCA precipitation is simpler, involving addition of 10 ml. of 5% 
TCA to 1 ml. of plasma or scrum, followed by thorough mixing. With 
either reagent, the precipitated protein is centrifuged down and the super- 
natant solution poured off. The zinc complex can be washed 3 times by 
resuspending the precipitate in 10 ml. distilled water and centrifuging, 
which will remove better than 99% of any inorganic iodide present. The 
TCA precipitate can be similarly washed with 6% TC.\, but not with 
water, which redissolves the protein. However, Astwood (personal com- 
munication) has found that there is a'Joss of PBI and recommends omit- 
ting this step. 

Either of these two methods of precipitating proteins can easily be 
applied to other biological fluids or tissues. For the latter, preliminaiy 
thorough grinding in water with the Potter-El vehjem glass homogenizer 
(Potter, 1957) is recommended prior to adding reagents. 

h. Incineration. Since the usual amounts of organic iodine present in 
biological material are about 5 /ug./lOO gm. (wet weight) there is about 
a four million-fold excess of organic material present which can interfere 
with the quantitative determination of iodine. Even in the thyroid gland 
itself, where the concentration of iodine may be a thousand times higher, 
it is usually necessary to destroy the excess organic material. This, of 
course, eliminates any possibility of differentiating various iodine- 
containing compounds, so all necessary separations must have been done 
previously. 

Destruction of organic linkages can bo done by alkaline (“dry-ash”) 
or strongly acidic (“wet”) reagents. The former are the older but still 
offer some advantages, especially in the ease of control. In Kendall's 1914 
procedure, incineration with NaOH was carried out in an open crucible 
over a flame. A modem procedure (Barker et al., 1951b) is to oven-dry a 
slurry of the tissue macerated in 10% Na2C03 or NaOH contained in a 
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test tube, end then to ash it in a thermostatically controlled muffle fur- 
nace, requiring no direct attention, except for readmission of air to the 
furnace (Foss et al., 1960) . 

If sulfuric-dichromatc (Barker, 1948) or sulfuric-permanganate 
(Riggs and Man, 1940) acid digestions are used, it is best to remove the 
iodine by distillation. This requires a special apparatus plus considerable 
technical skill and constitutes the most difficult stage of this type of 
determination. Because of this complication, there has been much search- 
ing for a mixture sufficiently powerful to eliminate organic material, but 
nonreactive to enable direct determination of formed iodide without dis- 
tillation. A combination of cldoric and chromic acids seems to fulfill these 
requirements.^ The precipitated protein from 0.5 ml. of plasma or scrum 
is digested in heavy-w^allcd, 40-m]. Pyrex centrifuge tubes with 0.2 ml. of 
0.5^ sodium chromate plus 6 ml. of 28% chloric acid, prepared as de- 
scribed by Zak et al. Digestion can bn carried out without attention for 
the first 1 ^ hours in a 175° sand bath or metal heating block. After that 
time, 2-3 drops of chloric acid should bn added to each tube every 5 or 
10 minutes for another hour to maintain the chromate catalyst in the 
oxidized state. The green color of reduced chromium should not appear. 

c. Removal of Iodide. Foss et al. (1960) have recently shown that 
extraction of iodide from the alkaline ash can be pcrfoimed with water, 
thus eliminating loss of iodine during foaming when acid is added directly 
to the dry carbonates. Insoluble material can be packed by centrifugation 
and the iodide-containing supemate* poured off for analysis. 

If the chloric acid wet digestion is used, simple dilution to an appro- 
priate volume is adequate, but with sulfuric-chromic acid combinations, 
distillation into a reducing solution is necessary. Since arsenite is to be 
used later in the colorimetric analysis fc iodide, this is preferable to the 
bisulfite earlier employed in the trap of the all-glass still (Barker and 
Lipner, 1948). Spitzy et al. (1958) have described a flask for digestion 
which later is attached through a ground-glass joint to a diffusion ap- 
paratus. 

S. Direct Solvent Extraction 

As a forerunner of some of the more refined extraction methods used 
today, Leland and Foster in 1932 showed that T 4 could be separated with 
n-butanol from DlTy even in the highly alkaline solution from hydroly- 
sis of thyroid preparations. A more complete extraction of T 4 into bu- 
tanol was achieved by lowering the hydrolysate pH to 3.5 (Blau, 1933) . 

•The author is indebted to Dr. E. B. Astwood for details of his modification of 
the procedure of Zak et al. (1962), only partiaHy reported in his Ciba paper (Aatwood 
et al., 1957). 



S. B. BARKER 


Although much of the VlTy was also extracted in acid, washing the 
butanol with 4 N NaOH-5% NaaCOs removed this. This type of butanol 
extraction was employed by many workers and was proposed by Man 
et al. (1951) as the basis of a more specific scrum “hormonal iodine” 
determination than the total PBT. One major hope, that butanol extrac- 
tion might separate true honnonal PBI from the nonphysiological organic 
iodine substances used rocntgenologically, has not been realized, because 
of a lack of adequate differential solubility. 

For this reason, plus the soniewhat^orc complicated maniimlations 
required, butanol-extractable iodine detenninations have never reached 
the clinical popularity of the PBI. However, the relative ease of con- 
centrating extracts representing a considerable volume of serum has ap- 
pealed to those examining scrum-iodinated material in qualitative detail. 
For instance. Block et al. (1958) have extracted 20 ml. of acidified serum 
containing “a little” thiouracil with 7-10 volumes of butanol for 2-3 
minutes at 100". The suspension was at once cooled in ice and filtered. 
The precipitated protein was washed with butanol. The hot butanol ex- 
traction has also been applied to the Somogyi zinc hydroxide-prc'cipitated 
protein. • 

The butanol extracts were made alkaline with 7.5 iV NH 4 ()H and con- 
centrated in vacuo to about 10 ml. at a temperature not specified, but 
presumably less than 40'’C. The salts and other material insoluble in the 
resulting diy butanol were filtered and washed with water-free butanol. 
The combined butanol solutions were reduced in vacuo to less than 1 ml., 
made up to 6 ml. with fresh butanol, and 5-15 ml. of CHCls were added. 
Three successive extractions were then carried out with 50, 40, and 40 ml. 
of 1 N NH4OH, emulsions being broken by centrifugation. The combined 
aqueous layers were taken to dryness in vacuo and redissolved in raeth- 
anol-1 % NH^OH. This solution was then used for paper chromatography. 

The authors rei)orted 92% recovery in the final extract of radio- 
activity present in the serum of a patient 72 hours after administration 
of 125 /iC. of Nal^®'. Addition of analyzed mixtures of radioactive T 4 , T 3 , 
and 1“ gave recoveries of 80-97% in these fractions with no evidence for 
production of MITy or DITy. For further recovery tests, analyzed raix- 
tur(!S rich in radioactive iodotyrosines were added to sera and processed. 
Kono et al. (1960) re})ort the use of a similar acid-butanol extraction of 
serum without the use of heat and avoiding addition of thiouracil. Spe- 
cific comment on the desirability of avoiding thiouracil will be made 
later, under paper chromatography. 

Tata (1960) has reported alteration of T 4 to an inorganic iodide-like 
material when T 4 in a nonaqueous solvent is diluted with a large volume 
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of water during exposure to light. This was interpreted as a combination 
of ionization of the phenolic hydroxyl and splitting of iodide. The ob- 
servation of return of this unknown to T 4 with time, despite a large dilu- 
tion factor, rules out reassociation of inorganic iodide. Galton and Ingbar 
(personal communication) , although able to confirm partial reversibility, 
have found extensive deiodination of T 4 to take place in dilute solutions 
without regard to light exposure, unless protein is added. Whenever chro- 
matography of solutions alone yields unexpected amounts of iodide, this 
efifcct must be suspected. 

r 

Column Chromatography 

Column and paper chromatography both arc continuous multiple- 
extraction techniques operating with much higher efficiency than the 
gross extraction just discussed. They both achieve a far greater degree of 
(luantitiitive separation of closely related compounds, such as the iodothy- 
1 ‘onincs from the iodotyrosines, but involve considerably more compli- 
cated tcclmi(iues and hence are most often used when detailed separations 
are essential. In most instances, a cleaner separation of larger quantities 
of substances of interest can be obtained by column chromatography than 
by paper. It is, however, slower and more cumbersome, usually requiring 
a fraction collector. It will doubtless continue to be used less frequently 
than paper chromatography. 

Gross and Pitt-Rivers (1953) effected the separation of T 3 from T 4 
on a kieselguhr column with 0.5 N Nut)H as the stationary phase and 
20 % chloroform in /i-butanol a.- the moving phase. Thyroxine was eluted 
considerably ahead of T3, enabling clean separation. 

The use of a kieselguhr column for .s(-paration of iodinated compounds 
was extended by Braasch et aJ. 11954) to MIIV and DITy in extracts 
of thyroid gland hydrolyzates. In following the general procedure of Gross 
and Pitt-Rivers, the first part of the column consisted of 6 gra. of Johns- 
Manville “Super-cel hyflo” mixed with 4.8 ml. of 0.5 N NaOH previously 
equilibrated with 25% CHCI3 in n-butanol. The same CHCls-butanol 
was then added until a thin slurry was achieved. This was degassed and 
packed in a 13-mm. glass tube to a height of 15 cm., using a perforated 
glass disk. On top of this was packed 0.3 gm. of Gooch crucible asbestos 
to which was added an alkaline solution of the mixture to be separated. 
The upper half of the column was another 5 gm. of kieselguhr mixed with 
4 ml. 0.5 N NaOH saturated with 20 % CHCI3 in »-butanol. 

When the 20% CHCls-butanol saturated with 0.5 N NaOH was 
passed down the column at a constant rate of 1 ral./5 minutes, T^, T3, 
and I" were removed separately, in that order. The solvent mixture was 
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then changed to n-butanol:n-propanol (9:1) again saturated with 0.5 N 
NaOH. TMs eluted T4- and Ts-conjugates, when present, then DITy, 
followed by MITy. 

Kennedy and Purves (1956) introduced a stepwise gradient elution 
of these same five iodine compounds from a kieselguhr column. A 70:30 
tart-butanol: cyclohexane mixture removed T4 in the first twenty 3-ml. 
fractions. Changing to 80:20 yielded T3, to 90:10 the I~. Replacing the 
tert-butanol with n-propanol to make 90:10 -propanol: cyclohexane 
eluted the DITy, and n-propanol alone brought out the MITy. This sepa- 
ration was applied to a variety of preparations from rats receiving 
1“^: alkaline thyroid gland hydrolysates, water or alkaline extracts of 
free amino acids of the thyroid, and plasma. When protein was present, 
a fast-running unknown often appeared in addition to spreading of the 
T4 peak. However, the authors did not appear to feel that a preliminary 
extraction was necessaiy, as is usually done by other laboratories. 

Dowex-1 resin, 200-400 mesh, was equilibrated by Galton anil I’itt- 
Rivers (1959a) with 0.2 M sodium acetate-acetic acid buffer at jiH 5.6, 
and packed into a column 1 cm. in diameter and 3 cm. high. Serum or 
thyroid gland hydrolysates at pH’s of 7.4-9.6 wore added and (hi' protein 
eluted with the first one or two 3-ml. fractions of acetate buffer at pi I 5.f). 
The pH was then lowered by increasing the proportion of acetic uiud. At 
pH 3.6, thyroglobulin was removed.-Then IMITy and DITy wore eluted 
by changing to 1.15 and 10% acetic acid, respectively, residting in pH’s 
of 3.0 and 2.2. Ts and T4 required 30-50% acetic acid, coming off nearly 
together at pH 1.8-1.4. Inorganic iodide remained tenaciously on the resin 
until 3 M NaBr solution was added. The acetic acid-water mixtures could 
be taken to drjmess under reduced pressure and redissolvcd in 3:1 
methanol-ammonium hydroxide solution for paper chromatography. 

Galton and Pitt-Rivers (1959a) also were able to adsorb iodinated 
materials present in 0.9% saline extracts of homogenised kidney tissue. 
An increased head of pressure was required to ensure continueil extrac- 
tion. For liver and finally for kidney, these authors (1959b) seem to 
prefer homogenizing the tissues with 0.9% NaCl solution in the cold, 
acidifying to pH 2, and extracting 5 times with butanol in a more tra- 
ditional manner. 

Mandl and Block (1959) describe the use of a cellulose powder col- 
umn with a solvent system of 3 volumes sec-butanol plus 1 volume 3% 
(w/v) aqueous NH3 for the separation of mixtures of I, MITy, DITy, 
Ts, and T4. They also use an ingenious dye labeling technique to facili- 
tate visual separation of major constituents. During prior extractions, 
about 200 ftg. each of thymol blue and phenol red are added to the volume 
being chromatographed. Thymol blue, as a green-yellow band, precedes 
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the pink phenol red through the column. The fraction starting just before 
the thymol blue band and ending before the phenol red contains all iodo* 
thyronines plus some other amino acids. Collection of the remaining sol- 
vent volume starting with the pink band yields I", MITy, DITy, plus 
other amino acids. These authors then reduce each of these two fractions 
to dryness in vacuo and redissolve in 1 ml. of methanol-concentrated 
NH4OH (99:1 v/v) for subsequent paper chromatography. 

An elegant procedure combining temperature control of the Dowex-1 
column and continuous gradient elution with formic acid has been de- 
scribed in detail by Wynn et al. (1959) . (lood separation of MITy, DITy, 
and 3,5-T2 was obtained at 45‘’C. with formic acid concentrations from 
5 to about 26%. The temperature is then raised to and the formic 
acid concentrations changed to 70-80%. Under these new conditions, Ts 
came off just ahead of T4 and subsequent paper chromatography showed 
jidequate separation of the two. Iodide was held on the column. 

An important part of the Wynn et al. procedure with serum is the 
adsorption of 88-98% of the iodoamino acids present on the resin by 1 
hour’s shaking of 20-50 ml. of scrum with 3-5 ml. of resin suspension at 
a pH of 10.5-11.0. Proteins and ammonia wore removed with water. After 
acidification and degassing, the resin and adsorbed iodoamino acids are 
transferred to the column for gradient elution with formic acid. The 6-ml. 
fractions collected could be used directly, ashed for iodine determinations, 
or reduced in vaevo for paper chromatography. 

5. Paper Chromatography 

Tlie ease of handling minute volumes of .solution (1-100 /xl.) on filter 
paper strips or sheets has made this technique more widely used than 
column chromatography. 

Very early in the introduction of this technique, Taurog and Chaikoff 
(1948) demonstrated, using direct chromatography of butanol extracts of 
unhydrolyzed plasma, that T4 was present as the free amino acid. Con- 
firmed by many other workers (cf. Barker, 1956), this observation led 
to a fundamental re-evaluation of the nature of the circulating thyroid 
hormone as being the free amino acids T4 and, to a much smaller ex- 
tent, T3. The combination of T4 and T3 with specific plasma proteins has 
already been discussed. 

In 1948 Hird and Trikojus had noted the presence on paper chroma- 
tograms of an unidentified ninhydrin-reactive spot in the alkaline hy- 
drolysis mixture from an iodinated casein which they suggested might be 
3,5,3'-triiodothyronine, at that time undescribed. Three years later, Gross 
and Leblond (1951) also noted an Unknown radioactive compound on 
paper cfiromatograms of thyroid and plasma extracts from rats injected 
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with Gross and Pitt-Rivers (1952, 1953) and Roche and co-workers 
(1952) identified 3,6,3'-Ts. 

In 1959 Werner and Block reopened the question of the nature of the 
circulating PBI, on the basis of stable iodine determinations, showing 
about half to be present as MITy and DITy. They employed the hot 
butanol extraction of serum already discussed, and then paper chroma- 
tography. The discrepancy between no radioactive MITy or DITy and 
50% of the stable PBI as MITy and DITy was explained on the basis of 
dilution of the by the large MITy and DII^ pool in the thyroid. 
Using a combination of preliminary Dowex-1 column separation followed 
by final paper chromatography, Wynn (1960) has identified the serum 
PBI of euthyroid and of Graves disease patients as being 96% T4 and a 
maximum of 4% “diiodotyrosinc-like.” The latter compound is not iden- 
tical with DITy, however, nor is it any other of the common or rare 
iodo-compounds mentioned by other workers as found in sc'rum. No MITy 
was found. 

Kono et al. (1960), using an unheated butanol extract of serinn jiroc- 
essed in a way similar to that of Weiner and Block I'xcept that the 
thiouracil originally added was omitted, have regularly found 'P., syid 1“ 
but no iodo tyrosines. They |)oint out that thiouracil and its disulfide an; 
carried through the extraction ijrocedurcs and give spots on i)aper with 
Rf values corresponding to MITy arul DITy. Diraitriadou et al. (1960) 
demonstrated the absence of iodide in the chromatographic sjiots corre- 
sponding to MITy when thiourea or thiouracil was added to the plasma 
jirior to extraction. On the other. hand, Beale and Whitehead (I960) have 
reported finding serum MITy and DITy in quantities comparable to 
Block and Werner’s, with a combination of Il'*-acetyl labeling and isotope 
dilution techniques. 

Bird and Farrati (1960) have introduced a preliiuinaiy extraction of 
4-6 ml. of plasma wdth an equal volume of chloroform, repeated twice, 
to remove lipid material interfering with paper chromatography. A bu- 
tanol extract is then chromatographed in butanol: ethanol: 2 N NH4OH 
(5:1:2) and butanol: acetic acid:water (12:3:5). In contrast to the find- 
ings of WVmer and Block, radioactive MITy and DITy have been encoun- 
tered after administration of I^®* to patients, but no chemically detectable 
iodotyrosines. The problem of MITy and DITy in plasma must be con- 
sidered unresolved at present. 

Paper chromatography has been widely applied to practically cvciy 
phase of thyroid biochemistry. In many instances, autoradiography of 
compounds following chromatography has allowed detection of ex- 
ceedingly minute amounts. Using this approach. Roche et al. (1955) 
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(Icinoustralcd formation of small amounts of 3,3'-T2 and 3,3',5'-T3 by tlie 
thyroid gland in addition to the previously known T4 and 3,53"-T3. 
Ingenious variations and combinations of procedures have permitted 
identification of these substances in blood plasma (Roche et ai, 1959). 

Metabolic products of T4, primarily tetraiodothyroacctic acid (AC4) 
and T3, have been detected by procedures involving chromatography of 
both nonradioactive and radioactive compounds (Galton and Pitt-Rivers, 
1959b) . It should be pointed out that chromatographic identification can 
sometimes be deceptive if only one or two solvents arc employed, since 
the jK/’s of two compounds may well coincide. Besides and T3 (Lassiter 
and Stanbury, 1958), tliis was noted for the acetic and propionic acid 
analogs and T3 itself (Tata ct ai, 1957). Conjugates of T* with glucu- 
ronic and sulfuric acids were first noted on paper (Taurog, 1955; Roche 
and Michel, 1960) . These have been identified by the return of the radio- 
activity Rf to tlu; T4 position following trcatiiK'nt with /tf-glucuronidasc 
or sulfatasc. 

It must be rcmemberetl that it is relatively easy to overload the paper, 
not only with iodo-comi)ounds, but even more so with salts or protein. 
AVhen the origin is e^•en slightly (‘ucrusted, thorough wetting with the 
chromatographing solvents is impossible, leading to iiujonsistcnt 6Ci)ara- 
tion. Another important factor is the volume of solution to be applied. 
Many ingenious devices have been proposed to enable a))plication of large 
volumes by continued eva{)oration on the paper in a stream of wann air. 
The veiy factor of greatly increased surface leading to rai)id evaporation 
may result in a simultaneous accelerated oxidation of sensitive com- 
jiounds. Another asjiect has not been stressed — that of circular chroma- 
tography at the origin itself by rcjit uted applications of too dilute a 
solution. Thus the origin becomes a ‘‘halo” rather than a compact spot 
a few millimeters in diameter. 

These considerations together have resulted in a trend toward as 
much separation of iodo-comi)ounds preliminaiy to paper chromatog- 
raphy as feasible, often on a (column, plus concentration of the final solu- 
tion so that the volume applied can be kept down to 10-50 /tl. 

In the endeavor to separate the large number of compounds, each only 
slightly different from its nearest chemical relative, a wide variety of 
solvents has been employed. n-Butanol with formic or acetic acid in 
water is useful for separating I", MITy, and DITy from the thyronines 
which migrate more rapidly. n.-Butanol saturated with 2 N NH40II will 
separate some of the thyronines, and increasing the concentration of am- 
monium hydroxide to 6 N or usingrisopentanol;6 N NH4OH may im- 
prove the resolution of a few specific compounds. W’c have not seen 
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enough improvement in the performance of butanol :2 JV NH4OH from 
the addition of dioxane to justify the necessary rigorous purification of 
this material. 

Table II shows Rj values obtained in this laboratoiy for a variety of 
iodo-cOmpounds with five useful solvent mixtures. Because of differences 
in operating conditions, each laboratory should set up its own reference 
values. For most accurate results, reference standard spots should be run 
simultaneously with each set of unknowns. The values shown were ob- 
tained at 23°C. using ascending chromatography carried out in large, 
covered glass cylinders. No supporting frames are used, since the solu- 
tions of references and unknowns are spotted with micropipets along a 
line 25 mm. above one edge of a large sheet of )l\’liatman No. 1 which is 
then formed into a cylinder with the line of spots at the bottom end. 
The two edges to be approximated are stapled in that position using a 
wide-opening stapling machine, making certain that the edges do not 
overlap. The glass jar contains a 1-cm. layer of the solvent mixture, with 
the solution for gas equilibration, if any, held in a small beaker in the 
center of the bottom. The paper cylinder will support itself even when 
wet, although it must not touch the side of the cylinder. 

Larger quantities of material can be separated using a heavy filter 
paper, such as Whatman No. 3 MM, and applying the solution in a line 
rather than a spot, although the ends of the line should be at least 20 mm. 
from the sides of the paper sheet to avoid convection currents. As much 
as 50 /il. of solution can be added per centimeter of starting line. A strip 
can be cut the entire length oi the paper for identification of compounds 
after the run has been finished. On the basis of the trial strip, an entire 
horizontal band can be cut out of the dried chromatogram and eluted for 
further evaluation or as a preparative technique. Ooinplote testing of 
each type of paper with all compounds being separated is necessary. Even 
though the same solvent mixture may be cniiiloycd, the different charac- 
teristics of each paper make this control imperative. 

Techniques for the study of chromalograms will Ix' discussed in a 
later section. 


B. PFPTinE-LlNKED lODOAMINO ArilW 


f. Isolation 

The principal source of iodoprotein is, of course, the thyroid gland 
with its thyroglobulin. Traditionally, this material is extracted with 
saline from sliced or macerated thyroi/1 tisisue. Separation of a single com- 
ponent by salting out with (NIl4)2S04 at low temperatures leads to iso- 
lation of the “thyroglobulin,” but there is some question about the physio- 
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logical aspects of being so arbitrary about discarding even minor proteins. 
There may well be justification for the use of the entire thyroid gland, as 
is done in many studies on incorporation. 

Rail et al. (1960) have shown that the most consistent method of 
isolating a uniform species of thyroglobulin was by differential high-speed 
centrifugation, rather than by salting out. From this study, they define 
thyroglobulin as a 19-S globular protein. The same workers have pre- 
pared iodoprotcins from an P®^-accumulating rat, tumor by extraction 
with 0.9% NaCl. In addition to 19-S sedimenting thyroglobulin, they 
found a 4-S iodoi)rotein with an electrophoretic pattern showing three 
peaks of radioactivity, two of which overlapped the thyroglobulin. lodo- 
amino analysis showed a disproi)ortionate amount of MITy, suggesting 
slower and incomplete iodination of this 4-S protein. The scrum of these 
animals contained a similar iodoprotein, probably released by the tiunor. 
This may be related to an abnormal scrum iodoprotein moving clcctro- 
phorctically as albumin encountered in patients with goiter, thyroid car- 
cinoma, or other thyroid disease. An insoluble iodoprotein associated with 
rat tumor subcellular particles was found by DeGroot et al. (1958) to 
require strong alkali or proteolysis for solubilization. 

Rail et al. (1960) have also summarized much of the current informa- 
tion about unusual t>rolein synthesis by thyroid tumors and congenital 
defects of the gland. Most of these abjiormal situations are first detected 
by discrepancies between metabolic h;vel of the patient and his FBI level, 
incorporation, or other evidence of thyroid function. Electrophoresis, 
chromatography, or butanol (“xtractibility then reveals more about the 
existence of an abnormal material and may assist in its isolation. 

2. Protein Hydrolysis 

If the various iodoamino acids, pei)tide linked, are to bo further char- 
acterized, hydrolysis of the covalent bonds is necessary rather than in- 
cineration, as for complete liberation of the iodine as I”. The classic 
procedure for this, following Ilurington (1926) and Blau (1933, 1935), is 
to heat 100 mg. of tissue with 1 ml. of 2 A' NaOII or 1 ml. of saturated 
Ba(OH )2 in a boiling water bath for 16 hours (Roche et al., 1954). Some 
destruction occurs, even wuth the barium hydroxide (Taurog et al., 1950), 
but the extent of this cannot be comj>lctely evaluated, due to uneven 
destruction of added T 4 and to a lack of adequate methods for chemical 
assay of T 4 while actually in protein combination. This loss is certainly 
far less during alkaline hydrolysis than during acid; in fact, heating of 
any T 4 derivative in acid will result in considerable decomposition and 
is to be avoided. 

Many investigators prefer enzymatic hydrolysis, in spite of the greater 
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time involved and a less complete hydrolysis of protein. Roche et of. 
(1954) propose a 3-day incubation at 38° of 100 mg, of tissue suspended 
at pH 8.5 with Armour’s unfractionated tiypsin being added at the start 
and renewed after 1 and 2 days. Mandl and Block (1959) prefer Viobin’s 
pancreatin for 3 days, followed by crepsin for an additional 2 days. No 
one appears to have tried the continuous-extraction type of process widely 
employed during urinary steroid hydrolysis. With cither alkaline or 
enzymatic hydrolysis, the reaction might be speeded up by continuous 
removal of the free amino acids, although conditions are not especially 
favorable for extraction at a pH such as 8.5. 

Artificially iodinated proteins, following the early discovery of Ludwig 
and von Mutzenbecher (1939), have posed a special problem of analysis. 
The usual methods of hydrolysis and extraction yield considerably more 
“thyroxine-iodine’’ than indicated by bioassay. Reinckc and Turner 
(1945) arbitrarily increased the Ba(()H )2 concentration to 40%, thereby 
obtaining chemical results agreeing more closely to the metabolic. It is 
not clear whether such discrepancies are due to a great excess of MITy 
and DITy or to iodohistidine and other nonhorrnonal forms of organic 
iodine. 

3. Separation of Liberated lodo-Compounds 

The large amount of salt or other extraneouh material present after 
hydrolysis with either base or enzymes makes .some sort of preliminaiy 
extraction obligatory. Although Block ct at. (1958) extract the dried 
hydrolysis mixture with 99:1 racthanol-NH^OH, they also make use of 
a more conventional procedure by acidifying to a pH range of 3-4 and 
extracting repeatedly with n-butanol (Mandl and Block, 1959). These 
combined solutions arc taken to diyncss in vacuo and dissolved in a small 
volume of solvent mixture a))propriatc to the next step. 

Substances present in the extract can then be separated by column 
or paper chromatography, following procedures earlier discussed. 


HI. Chemical Methods of Determination 

It was mentioned in the Introduction that the actual methods of de- 
termining specific iodo-compounds were so nonspecific in themselves as 
to require combination witli some preliminary separation procedure. It 
will be evident from the material prpsented in this section on technique 
that the determination of iodide is by far the most sensitive, but is obvi- 
ously the least characteristic. 
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A. Iodine 


1. Macromethods 

The 1914 procedure of Kendall, based on the earlier work of Hunter, 
was applicable only to thyroid material in order to have adequate quan- 
tities of iodine. Organic matter was incinerated with NaOH plus KNOa 
for oxidizing purposes. The organically bound iodine was changed to 
iodide plus iodate, any of the former remaining tken being oxidized to 
the latter with bromine. The iodate was reacted with an excess of iodide 
in acid solution to liberate free iodine 

Hio, + r>Ki + 5ua in, + 3 HuO + skci 

which was then titrated with standard thiosulfate in the coiuentioual 
manner. 

Many atteini)ts Iiave been made to iiniu’ovc the sensitivity of the 
Hunter-Kendall method of alkaline incineration, oxidation to iodate, and 
conversion to I 2 so that it could be applied to material of lower iodine 
content than thyroid, especially blood serum. Probably the most ingen- 
ious was the proposal by Michel and Lafon (1945) to extract the I 2 into 
CS 2 , then reduce the iodide, reoxidize to iodate, and put it through the 
iodide reaction again to yield a “two-stage amplification.” Others intro- 
duced microtitration with 0.001 AT thiosulfate, direct colorimetry using 
the blue starch-iodine reaction, and other modifications (summarized by 
Pitt-Rivers, 1950). A variety of difficulties in each case led to incon- 
sistencies. 

Micromethod, Based on SandeU and Kolthoff {19S7) 

Nearly all procedures being used today are based on this early demon- 
stration of iodide catalysis of arsenite reduction of ceric ions. Since the 
reaction involves a change from yellow ceric to colorless cerous proceed- 
ing at a rate proportional to iodide concentration with quantities of the 
order of 0.(X)5 to 1.0 /tg., the decrease of optical density must be followed 
at standard time intervals. Among ions, the catalysis is highly specific for 
iodine, osmium being the only similar accelerator. It should be noted 
that mercury and silver will interfere with iodide catalysis, probably by 
precipitating iodide, and chloride will potentiate the iodide catalysis, al- 
though not reacting itself. 

A surprising discovery was made by Bowden et al. (1965), that DITy, 
T 4 , and similar organic iodine compounds would catalyze the arsenite- 
ceric reaction on filter paper. Further study revealed that all phenols with 
ortho-situated iodine, plus 3 , 5 -diiodothyronine, liberated free iodine on 
treatment with ceric sulfate, as did KI. Except that no iodine was found 
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after ceric sulfate treatment of iodate, this would implicate free iodine 
as the catalyst, as has been suggested by Dubravcid (1955) in his formu- 
lation of the two steps of iodide catalysis of the arsenite-ceric reaction 

2Ce" -I- 21- 20e*» + I, (1) 

Asm + I, _♦ AbV + 21- (2) 

Recycling of the iodide ion would explain the tremendous sensitivity of 
its catalysis in this reaction. Dubraveic stresses the importance of chlo- 
ride on the basis of removing some inhibitors such as Hg or Ag, but espe- 
cially as changing the of the reaction mixture to prevent iodate for- 
mation 

10Ce>'’ ■] h ► 10Co"f + 21'' (3) 

or even to reversi' any iodate alre.ndy present 

21'' hr>As'" - u +r,\fy (4) 

Morreale de Escobar and Gutierrez Rios (1958) indicate that chloride is 
necessary for the establishment of first-order reaction kinetics. 

The convenience of at least qualitative direct location of organic 
iodine compounds on chromatograms has led to widespread adoption of 
the Bowden et nl procedure. This is best carried out by placing on a 
clean glass plate a piece of the same paper as that used for the chromato- 
gram, cut to be a few millimeters larger in both directions than the 
latter. A fresh mixture of equal parts of 10% ceric sulfate and 5% 
arsenious acid, both in 1 H 2 SO 4 , is then added to soak the blank 
paper evenly. The dried chromatogram is carefully laid on, starting at 
one edge to avoid trapping air or wrinkling the sheet. Another glass plate 
is placed on top and pressure exerted to obtain even wetting. The papers 
are left in contact for 10-30 minutes, depending on the size and proximity 
of spots of decolorization. The top plate is then lifted off from one edge 
as. is the chromatogram. This should be dried rapidly in a stream of 
warm (but not hot) air to stop fading of the background. The neces- 
sarj'^ measurements must be made within a day because of disintegration 
of the paper. Manipulations with the solutions and paper are best done 
on a stainless steel bench top to facilitate thorough removal of tiie highly 
toxic and corrosive solutions. 

Useful modifications of the Bowden procedure have been introduced 
for convenience in handling, higher contrast between spots, and neu- 
tralization of the acid. Mandl and Block (1959) spray both sides of 
the dried chromatogram with a fresh mixture of 2 parts 10% ceric sulfate 
in 10% H 2 SO 4 plus 3 parts 5% NaAs02 in water, using about 60 ml. of 
reagent for an 18- X 20-in. sheet of Whatman No. 3. The sheet is 
partially dried for about 6 minutes, and then both sides are sprayed with 
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0.05% methylene blue in water. When the reaction has proceeded suf- 
ficiently, the paper is exposed to ammonia vapor to neutralize the sulfuric 
acid; this is indicated by a change in the background from light blue 
to bright yellow. The iodo spots are blue. 

As pointed out by Wynn (1960), if this is to be carried out on 
a chromatogram developed in collidine before use of the ceric-arsenite 
spray, the dried paper must be hung in an acetic acid atmosphere to 
neutralize a basic residue left by the collidine. It roust again be empha- 
sized that spraying the dangerous arsenite-ccric reagent should be done 
with great care. A water-rinsed cabinet, such as the one described by 
Fiebig and Siegel (1958), inside a well- ventilated hood is useful. We have 
found that this procedure requires a thick paper for success; Whatman 
No. 1 does not seem as satisfactory. 

A follow-up to the original Bowden et al. procedure also heightens 
contrast of tlie spots and preserves the chromatograms (Bird and 
Farran, 1960). As modified by Kono et al. (1960), the paper is removed 
from the glass plates and dried, then it is dipped in a fresh 3% aniline 
solution in acetone. The spots remain white, but the background turns 
green. After drying, the paper is dipped in 5% sodium carbonate or 
bicarbonate in water and dried. The background becomes dark blue. 
Despite some spreading of the spots, permanence of the chromatograms 
is achieved by neutralization of the acid. 

There have been several reports of other attempts to improve con- 
trast by adding a variety of reagents, such as brucine sulfate, svilfanilic 
acid (Gawienowski, 1957), o-phenylencdiamine (Fletcher and Stanley, 
1956), fluorescein, and anthranilic acid (Stoic, 1958). Introduction of 
any such toxic substance as brucine does not seem justified by the results, 
and none of the others has been as successful in this laboratory as the 
methylene blue, followed by alkalinization. An especially intriguing 
reagent employs ferroin, as proposed by Dragfinova and Langer (1956). 
This is prepared by dissolving 1 .485 gm. o-phenanthroline monohydratc 
in 100 ml. of water containing 685 mg. of FeS 04 ’ 7 H 20 . The original re- 
port suggests addition of 0.5 volume of this reagent to 1 volume of the 
ceric-arsenite mixture proposed by Bowden et al. to obtain red spots 
on a blue background. Our experience has been that this addition does 
not enhance the sensitivity of the reaction and that the pink spots dis- 
appear rapidly upon removal of the top glass plate. Robbins (personal 
communication) has modified the combination of reagents to provide a 
considerable excess of arsenite by mixing 6 parts of 5% sodium arsenite, 
1 part ceric sulfate, and 1 part ferroin reagent. 

Gmelin and Virtanen (1959) propose the use of a mbced ferric chloride- 
ferricyanide-arsenite reagent as a spray. Three stock solutions are pre- 
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pared and kept dark: (a) 2.7 gm. FeCU-eHsO in 100 ml. 2N HCI; 
(6) 3.5 gm. K3Fe(CN)e in 100 ml. water; (c) 5 gm. NaAs02 dis- 
solved in 30 ml. of cold 1 N NaOH and 65 ml. 2 N HCI added with 
good stirring. Immediately before use, a mixture is made of 5.5 and 1 
parts, respectively. The paper is sprayed from both sides and put with- 
out pressure between two glass plates. After 15 minutes, the paper is 
thoroughly washed with distilled water and dried. As ferrocyanide is 
formed, it immediately is removed by precipitation as Prussian blue. 
The I2 is reduced to 1“ by the arsenitc and thus can recycle. The authors 
claim a sensitivity about 10 times that of the ceric-arsenite reaction, 
but our experience has not yielded any more success than when using 
methylene blue. Furthermore, the procedure must be carried out in the 
dark to avoid complete discoloration of the paper. 

Kono et al. (1960) have recently pointed out “false reactions” from 
chloride ions, propylthiouracil, thiouracil and its disulfide, as well as 
from methionine, cystine, and tyrosine. Tryptophan gave a reddish 
color, but from the K/s shown, the others clearly could be confused with 
iodotyrosincs in some solvent systems. As already mentioned, these 
authors suggest that the large quantities of nonradioactivc MITy and 
DITy reported present by Block et al. (1960) in the eluates from paper 
chromatograms of scrum may have been carry-over of thiouracil added 
to the original serum. 

Kono et al. (1960) comment, “a great many organic compounds when 
used in large amounts gave rise to white spots by directly reducing ceric 
ion.” In this laboratory, we have had occasion to encounter this trouble 
from citr.'ite present in a concentration of 0.05 M. Considerable re-ex- 
amination is necessary of previous foldings “establishing” the presence 
of various iodinated compounds in biological material. Attention may 
again be called to the frequent chromatographic encounters with “Ta” 
in the days before realization that relatively large quantities of the acetic 
acid analog of T4 could be produced raetabolically by various peripheral 
tissues. 

Quantitative application 0 } arsenitt,- ceric sulfate reaction. Technical 
difiiculties prevent effective quantitation with the Sandell-Kolthoff re- 
action on paper. Mandl and Block (1969) described a method of Cluting 
the iodoamino acid from a portion of the paper chromatogram using 
1 N H2S04-arsenious acid, preparing an extract ready for direct color- 
imetric determination of iodine. Quantitative studies showed the re- 
markable situation that MITy, DITy, 3,5-diiodothyronine (T2), Ta, 
and T4 all reacted at 31.3^ of the decolorization catalysis rate of I“. 
The same figure was obtained for T4 by Wynn (1960), but the study of 
Morreale de Escobar and Gutierrez Rios (1958) placed emphasis on 
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iodine ortho to a phenol, as did that of Bowden et al. (1955) . DITy was 
as active a catalyst as T4, but T3 was less, and 3,5-T2 least of all, in 
contradiction of Mandl and Block. 

Thus, a direct estimation of organic iodine not only loses 69^ 
sensitivity, but is susceptible to the many types of errors discussed 
above. It is highly desirable that all organic materials should be in- 
cinerated so that all iodine is present as I“. The Schoniger (1955) pro- 
cedure for ignition of organic samples in a closed > flask containing an 
oxygen atmosphere seems well adapted for quantitative work following 
paper chromatography. The paper itself could serve to support combus- 
tion in the platinum holder. Mandl and Block (personal communication) 
have used it to quantitate iodine in segments cut out of chromatograms. 
If SO2 from sulfur-containing amino acids can be completely eliminated, 
possibly by oxidation to sulfate (Boetius et al., 1958) , this should prove 
a highly useful and simple technique. 

For the ceric-arsenite reaction, many different combinations of re- 
agents and reaction conditions have been used (surveyed by Foss et al, 
I960).* Since this procedure makes use of acceleration of a reaction 
rate, involving gradual disappearance of color, it is obvious that all 
conditions must be scrupulously controlled, especially temperature. This 
can be adjusted up or down to achieve more rapid or more delayed re- 
action rates, respectively, but must be -held within a few hundredths of 
a degree at the temperature selected. It is usually carried out at 20“- 
40“C. 

For routine purposes, it is adequate to make a colorimeter reading 
at a single time. This assumes linear decolorization, and many workers 
prefer two readings, plotting both of them. An elegant modification is 
to use a recording colorimeter (Chaney, 1950; Mandl and Block, 1959) 
to obtain a continuous record covering the 20-70% transmission range. 
In this case, the room temperature is the reaction temperature and must 
be carefully regulated. For reference, standards covering the entire range 

* Since Astwood’s modifications of the Zak procedure have not been published in 
full, the final colorimetric step will be given here to complete the description started 
earlier (Section II, A, 2). To the OA ml. remaining in each digestion tube add 10.0 
ml. of water and 2.0 ml. of arsenious acid solution. Mix and bring to 32*C. At timed 
intervals, quantitatively pipet in OfiO ml. of ceric ammonium sulfate solution, mix 
rapidly, and continue the incubation for exactly 30 minutes. Read in an appropriate 
colorimeter with a blue filter or in a spectrophotometer at 420 m/t; enough time 
must elapse between each addition of ceric reagent to allow the necessary 30-minute 
colorimeter reading. The arsenious reagent consists of 3.0 gm. of AsaOi and 87A gm. 
of NaCl dissolved in 200 ml. of 1% NaOH; after mixing 764 ml. of H£Ot and 1 
liter of water, cool and add to the above. For ceric ammonium sulfate, dissolve 24 gm. 
in 1 liter of 3A N H^SOi. The procedure has a range of 0.02 to 0.06 mS- iodine. 
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of unknown values should be run simultaneously, in solutions completely 
duplicating all quantities of reagents present in the unknown. 

Attempts have been made to arrest the arsenite reduction of cerate 
at a desired time in order to obtain stable colorimeter readings. Gross- 
mann and Grossmann (1955) put the tubes in an ice bath after 15 minutes 
at 37° and then add a solution of brucine sulfate. This has been criticized 
by Magee and Spitzy (1959) on the double basis that cooling did not 
stop the reaction and that brucine merely added undesirable compli- 
cations. Rogina and Dubravci 6 (1953) stop the ceric-arsenite reaction 
by adding an excess of ferrous ion (as ferrous ammonium sulfate) which 
completely reduces all remaining Ce*^; ferric ions (equivalent to the 
ceric previously remaining) are then determined as the red ferric 
thiocyanate. 


B. Amino Acid Functions 

The usual ninhydrin reaction with a- amino-carboxylic acids takes 
place as indicated in Fig. 2. The final purple color is similar for most 



amino acids, but there are variations, suggesting that the above formu- 
lation is not complete. The iodothyronines, To, Ts, and T 4 , yield a blue- 
gray color, and 25-50 /xg. are required, about 5-10 times the amounts of 
simpler amino acids. Only jiart of this difference can be ascribed to the 
greater molecular weight of the iododyihenyl cthei-. MTTy and DITy are 
detectable in somewhat smaller quantities. 

The most sensitive and reproducible procedure is to spray the paper 
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chromatogram with 0.2% ninhydrin in tt-butanol saturated with 2 N 
acetic acid. The full color is then brought out by heating in a stream 
of 90“C. air. 


C. Phenolic Functions 

Kendall and Osterberg in 1919 described a yellow color when T4 
was reacted w’ith nitrous acid in acid-alcohol, which turned red with 
addition of ammonia. Morton and Chaikoff (194?) developed this for 
quantitation of T4 and DITy in alcoholic solution. To 5 ml. of solution 
is added 0.2 ml. of 6 iV IlCl plus 0.5 ml. of 1% NaN02 solution. The 
mixture is brought to the boiling p)oint by a short immersion in a boil- 
ing water bath, cooled, and 0.5 ml. of concentrated NH 4 OH added. Other 
variations of the Kendall-Osterberg reaction have not materially height- 
ened its sensitivity, but it is occasionally valuable because of its 
simplicity. Roche and Michel (1947) have eliminated the heating in a 
modification adapted to the determination of T4 and DITy in the ap- 
propriate washed butanol extracts of hydrolyzed thyroid glands and 
Roche et al. (1947) list'd this method to follow production of synthetic 
iodoproteins. MITy could also be estimated with a special application 
of Millon’s reagent, although Shaw (1953) encountered troublesome 
turbidity. Adamson et al. (1952) evaluated a variety of procedures 
adapted to determination of thyroxine in thyroid tablets and concluded 
that a slightly modified Roclu; and Michel (1947) colorimetric analysis 
was the most suitable. 

In the early separation of both synthetic and natural Ta and T4 by 
column chromatography, Gross and Pitt-Rivers (19.53, p. 648) added 
3 ml. of 95% ethanol to 1 ml. of the CHCl.i-butanol fractions, 0.1 ml. 
of 11 HCl, and 0.5 ml. of fresh 5% NaNOz. The tubes were heated 
30 seconds at 100®, then left at room tcmj)crature for 10 minutes. The 
presence of T4 or T;{ was indicated by a yellow color, changing to a 
brownish-orange after addition of 0.1 ml. of 40%- NaOH. The absorption 
curves, measured at 465 lU/*, wore nearly the same for both Ti and T.i. 
The color is probably due to an etpuilihrium as indicatefl in Fig. 3. 



Fia. 3. See text. 

Following up Kendall and Osterborg’s reaction after Harington had 
proven the structure of T4, Komant (1930) discovered that Pauly’s 
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reagent, diazotized sulfanilic acid, reacted with T 4 and DITy to give 
a red or purple color. The corresponding tetrabromothyronine, dibromo- 
tyrosine, and dichlorotyrosine did not react. Moser (1947) added 4 ml. of 
10% NazCOs solution to 5 ml. of T 4 solution, cooled to 0° and mixed 
with 4 ml. of freshly prepared diazobenzenesulfonic acid also at 0“. 
Four minutes after the start of color development, 2 ml. of 3 AT NaOH 
were added and the red color measured at 510 m/a. 

The reaction involved probably splits off one iodine ortho to the 
4 '-hydroxy (Barac and Morren, 1955) (Fig. 4) . In alkali, this product 
then probably forms a quinoid similar to that shown in the figure. 


I 



N NoOI 


II 

N 



4. I’lobablo icaclidii of I'l !iiul DITy with Pauly 'o |•(■a^J(-nl. 

After a lliorough investigation of the leaction between a series of 
29 diazotized amines and T 4 in aqueous alkaline .solution, Winikoff and 
Trikojus (1948) selected N', N'-diethylsulfanilamide as the preferred re- 
agent. From a stock solution of 1.14 gm. dissolved in 9 ml. of 10 N HCU 
and made to 100 ml. with water, 5 ml arc diazotized at O'^C. with 5 ml. 
of 4.5% NaNOa. Twenty milliliters of iee-cold water are added and the 
mixture left for 10 minutes. To 2 ml. of T 4 solution containing 10 to 50 
fig. per milliliter of 0.1 N' NaOH in a glass-stoppered 15-ml. centrifuge 
tube are added 2 ml. of n-butanol and 1 ml. of 2 N NaOH. After mix- 
ing these, one adds 3 ml. containing 1 ml. of 2 . N NaOH plus 2 ml. of 
the final diazotized sulfanilamide solution described above. The tube is 
stoppered, thoroughly shaken, and then gently agitated for 24 hours at 
25®. After separation of the layers by centrifugation, 0.75 ml. of the 
butanol layer is added to 0.25 ml. of 1 AT NaOH in ethanol, mixed, and 
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read at 540 m/x. The calibration curve is linear from 10 to 50 j»g. per 
milliliter. Although not sufficiently sensitive for direct analysis of T 4 
at physiological concentrations, the butanol extraction enabled separation 
of the T 4 color from other materials, such as DITy. The quantitative 
aspects of this procedure do not seem to have been evaluated with T 3 
since its discoveiy, but the reaction proceeds smoothly. 

Many different procedures have been proposed for diazotization of 
spots on paper. The one found most convenient in this laboratory makes 
use of stock solutions of 5% NaN 02 and 1 % sulfanilic acid (dissolved in 
water, 9 ml. concentrated HCl added and diluted to 100 ml.) kept in the 
cold. Equal parts of these stocks are mixed a few minutes prior to use; 
the mixture need not be kept cold. The dried chromatogram is sprayed 
with 5% Na 2 C 03 and allowed to become nearly dry. The diazonium 
solution is then sprayed on and the spots rapidly become apparent, 
purple in the case of T 4 and T3, red-orange for iodotyrosines. Some 
workers spray in the reverse order or with a mixture of diazonium solu- 
tion and Na 2 C 03 . The background is usually much darker, especially 
with the latter modification. 

Trials have been made of other coupling reactions of ortho^sub- 
stituted phenols (Barker, unpublished), including the dicthylsulfanila- 
mide of Winikoff and Trikojus and chloroquinone imines, but nothing 
superior to diazotized sulfanilic acid'has been found for use on paper. 


IV . Physical Methods of Determination 

A. ULmWlOLKT Spectropitotometky 

As far back as 1936, Ileidt studied the ultraviolet (UV'^) absorption 
spectra of T 4 and related compounds, but concluded that differences were 
insufficient for simultaneous differentiation. Ginsel later (1939) compared 
absorption spectra of thyroglobulin, T 4 , and DITy at acid and alkaline 
pH’s and evolved a differential extinction coefficient representing the 
difference between the latter and the former. He reported that, using 
reference curves for DITy and T 4 , thyroglobulin contained two molecules 
of DITy to one of T4. 

Marenzi and Villalonga (1941) discovered that iodination of phenols 
(normally in the ortho position) shifted the UV absorption maxima 
toward longer wavelengths and increased the extinction coefficient dif- 
ference between maximum and minimum. Their observation that iodina- 
tion of casein similarly shifted its absorption was extended by Reineke 
and Turner (1942, p. 63) to a correlation with thyroid-like activity as 
iodination progressed. The difficulties of applying such measurements 



9. CHEMICAL ASSAY OF THYBOXINB-LIKE MATERIALS 379 

were illustrated by the fact that the highest UV absorption intensities 
were obtained on protein excessively iodinatcd to the point of decreased 
biological activity. Large amounts of iodoprotein with low thyroidal ac- 
tivity were obtained when I2 in propylene glycol was injected into 
animals (Barker and Lipner, 1949), and may represent a similar non- 
specific iodination reaction. 

Besides confirming the shift in UV absorption characteristics of 
tyrosine, thyronine, and iodothyronines as iodines were added, Gemmill 
(1956) showed chromatographic evidence of formation of the specific 
compounds. He also reported that iodination of casein and insulin and 
even further addition of iodine to thyroglobulin produced UV changes 
suggestive of iodination of tyrosines. No studies were made of the biologi- 
cal activity, and the question of further progress to iodothyronines was 
not considered. GcmmiJl (1963) used spcctrophotometric analysis to 
show a marked change in UV absorption of T4 upon the addition of 
copper acetate. The effect was primarily a considerable elevation in 
the minimum ordinarily seen at 290 van slight elevation in the 

maximum which also Avas shifted from 325 to 315 m/x. This was in- 
terpreted as complex formation between copper and at least the hydroxyl 
group of T4, although one might suspect involvement of the carboxyl 
as well. 

Tata (1959) has recently renewed the interest in UV spectropho- 
tometry of T4 by his report of a maximum at 230 m/* with an ex- 
tinction coefficient in alkali about 5 times that at the conventional 325 
m/ji. A similar maximum at 227 was found for 3,6,3'-T8; in this case, 
extinction was 8 times that at 318 van. Similar results were reported in 
1952 by Adamson et al., who deprecated the finding because DITy, 
3,5-diiodothyroninc, and T4 all displayed maximal absorption at 227 ran- 
Further exploration of wavelengths below 260 m;* (Gemmill, 1969) has 
revealed that, at their individual peaks in the 210-240-m/x region, molar 
absorbancy indices for thyronine, 3-Tj, 3,5-Ta, Ts, and T4 rise from 
14,595 for the first to 49,167 and 48,661 for the last two, in that order. 
Halogenation of tyrosine also produced absorbance in this region, but 
to a less marked extent. Gemmill pointed out that this region of UV 
absorbance is usually related to the amino acid portion of the molecule 
but that the formic, acetic, and propionic acid side-chain analogs show 
peaks similar to T4. Obviously, there must be further exploration of this 
peak and any possible response to the addition of copper. 

B. POLABWEAPHY 

Thyroxine, 1 mg. per mill iliter in aqueous ethanolic sodium carbonate 
solution containing tetramethylaramonium iodide, was found reducible 
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at the dropping mercury cathode (Simpson and Traill, 1946). Three 
waves were obtained with half-wave potentials of —1.2, —1.4, and —1.7 
volts. Since DITy yielded only the last two waves, there was sufiBcient 
difference to enable assay of Ba(OH )2 hydrolysates of iodoproteins 
(Simpson et al., 1947). The fundamental aspects of this work were very 
closely confirmed a few years later by Borrows ct al. (1949) who evolved 
procedures for analysis of mixtures of thyroxine and diiodotyrosine, with 
the latter in an excess of tenfold or greater. A disturbing feature of this 
work was that it revealed a considerably greater butanol extraction of 
UITy than had previously been reported by Leland and Foster (1932). 
Borrows et al. pointed out that this would have a considerable effect on 
chemical determinations, but not on the polarographic. 

The problem of chemical determination of specific compounds in 
desiccated thyroid is still not completely resolved. Some of its aspects 
were discussed by Borrows et al. in 1949, leading uj) to their proposal 
of a polarographic analysis. Since that time, the discoveiy of T 3 and its 
greater biological activity has added an unforeseen complication to what 
was previously considered primarily a problem of separating out the in- 
active iodotyrosine prior to final analysis. Stasilli and Kroc (19'S6) in 
considering the generally recognized greater metabolic effect of porcine 
over bovine thyroglobulin were unable to find enough evidence to decide 
whether this difference could be accounted for by the estimated content 
of Tg. Since there is now general agreement that 3 , 3 '-T 2 and 3 , 3 ', 5 '-T 3 
are not metabolism stimulating, the small amounts of these iodothyronines 
should not be a confusing clement in desi(watcd thyroid assay. 

C . Radioactivity 

By far the most sensitive technique for detecting any of these com- 
pounds is radioactive tracer labeling. Although metabolism of C^^-labeled 
Ti has been followed by Klitgaard et al. (1953), the difficulties are 
greater than with and the latter has been employed almost ex- 
clusively. If in vivo labeling is desired, administered as sodium 
iodide is the only practical isotope, because of the highly specific nature 
of thyroid gland function (Fink et al, 1947). Whitehead and Beale 
(1959) have achieved in vitro marking by reacting the plasma thyroxine 
with tritiated acetic anhydride. Quantitation was achieved by including 
a standard amount of I^®^-T 4 before acetylation or of N-(C^^-acetyl)-T 4 
afterwards. Beale and Whitehead (1960) have employed this type of 
procedure to determine apparent amounts of T4, DITy, and MITy present 
in human plasma. Since extraction procedures were not sufficiently 
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specific for iodothyronines or iodotyrosines, acetylation of other amino 
groups would constitute a potential error, as would even traces of un- 
reacted H*-acetic anhydride. Much further exploration will be needed 
before this procedure can be evaluated completely. 

Paper chromatographic or electrophoretic separation is usually em- 
ployed to separate the fractions of radioactivity, which may be Quali- 
tatively identified by reference spots of nonlabcled standard materials. 
Before staining, the chromatogram may be scanned rapidly with a 
sensitive survey meter to locate the spots or a record may be obtained 
by means of autoradiography. To accomplish this, the thoroughly dried 
chromatogram is placed on the emulsion side of a sheet of X-ray film, 
such as Kodak No-Screen X-ray, Firm contact is ensured by use of a 
film cassette or heavy cardboard sheets held in clamps. These manipu- 
lations should all be done in a dark room. 

The light-protected film and paper combination is then left away 
from any source of extraneous radiation for 1 to 2 weeks to allow ade- 
quate exposure. A preliminary survey can be valuable in determining 
time of exposure. The film is subsequently removed and developed with 
the usual precautions. This procedure is e8i)ecially valuable in detecting 
spots of weak radiation provided they arc not close to strong spots. Often 
radioautography will show up two spots in an area yielding only one peak 
when quantitatively counted because of overlap. 

Quantitative counting was early done by carefully cutting the entire 
chromatogram or olectrophorctogram into pieces suited to the geometry 
of the detector being used (ci. Deiss et al., 1952). Almost as laborious 
a technique, but one leaving the chromatogram intact for later color- 
developing processes, was a quantitativ e scanning of the pa{)er along a 
grid (Etling and Barker, 1959). The paper can be mounted on a metal 
plate bearing a scale and is moved in discrete steps of 2.5-5.0 mra. under 
a window cut in the aluminum and lead sheets which otherwise shield 
the counter (Roche et al., 1954) . A thin end-window Geiger-Miiller tube 
or a scintillation counter can be used as the detector. This procedure 
is also tedious, but does permit conf;nlote scanning oven of a two- 
dimensional chromatogram. If the survey is carried out with great care 
and control spots applied for counting the starting amount of activity, 
it is possible to account quantitatively as well as qualitatively for the 
T4 and other P®i-labeled materials being metabolized oven at levels far 
too low to be detected by chemical methods (Ford et al., 1957). 

In the past few years, several companies have made available auto- 
matic scanning equipment by which, means a continuous record of a 
rate counting meter is obtained paralleling the strip of chromatogram. 
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Reasonably accurate duplication with standard solutions of the size 
of radioactive areas being surveyed is necessary for calibration purposes. 
A two-dimensional paper must be cut into suitable strips. 

It is possible, of course, to elute specific areas of radioactivity for 
further identification, but no advantage is obtained, except for preparative 
purposes. In this case, a heavy paper is used, such as Whatman No. 3 
MM, and the material applied along a line, as described earlier. Methods 
for extraction and separation described earlier yield varying amounts 
of solution which can be counted as such in well counters or appropriate 
aliquots dried in planchettes for dry counting. 


V. Summary 

It is clear that the variegated chemical functions present in structure 
of thyroxine — a tetraiodinated, phenolic, diphenyl ether-linked «-amino 
acid — ^have given rise to a correspondingly complex array of chemical 
procedures for the determination of thyroxine and its relatives. Although 
some of these present certain aspects of specificity, as the Kendall- 
Osterberg nitrosation or the Komant diazonium salt reaction, none really 
is. Furthermore, the most sensitive of all, determination of iodine at a 
fraction of a microgram, is the leastr^pecific of all. 

It has been emphasized that separation techniques are thus of 
primary importance in any specific analytical procedure. Early depend- 
ence upon liquid-liquid butanol extraction has given way to paper or 
column chromatographic separation, most often employing butanol as 
moving phase. 

Of several physical techniques of analysis of compounds related to 
T 4 , radioactivity labeling is by far the most often employed, because of 
its extreme sensitivity. The recent discovery of a previously unmentioned 
absorption peak in the low UV range gives promise of valuable future 
applications. 
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CvStrogen separation and, 11, 16, 31, 37, 
46 . 

iodine determination and, 352 
iodoamino aeid separation and, 361, 364 
ketostcroid isolation and, 61, 81, 83, 84 
pregnanetriolone isolation and, 173, 
175, 176 

progesterone isolation and, 101, 128 
thyroxine extraction and, 360 
Chloroquinono imines, iodoamino acids 
and, 378 

Cholestenone, thiosemicarbazone of, 108 
Cholesterol, corticosteroids and, 143 
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ketosteroids and, 59 
sulfuric acid and, 155 
Chromatography, principles of, 296-298 
Chromic acid, 

aldosterone and, 290-291, 311, 314, 324 
iodine determination and, 359 
pregnanetriol assay and, 161 
prognanctriolone assay and, 180 
Chromosorb, estrogen separation on, 18 
Chromotropic acid, adrenocorticosteroids 
and, 215, 225 

Cirrhosis, aldosterone and, 304 
Citrate, iodine determination and, 373 
Citrus fruits, steroid in, 307, 312 
Colclucine, adronocorticosteroid assay 
and, 232 

Collidine, iodoamino acid separtion and, 
366, 372 

Conn s syndrome, 

aldosterone metabolism in, 304, 305, 
321 

urinary steroids in, 182, 185, 186 
Coppage, riK'thod of, 315 
Copper, aldosterone assay and, 281 
f^oj)i)cr acetate, thyroxine and, 379 
Corpus luteum, 
hormone of, 91-92 
pregnanediol and, 161-163 
progesterone in, 119, 120, 130-132 
f ’orlicosterone, 
assay of, 248-249 
blue tetrazolinm and, 220 
(Extraction of, 328 
isolation of, 212, 214, 248 
phenyl hydrazine and, 232-233 
precursors of, 143 
recovery of, 250 
tritialed, metabolism of, 320 
Corticosterone acetate, pai)er chroma- 
tograi)hy of, 292 
Cortisol, 170, 315 
assay of, 248, 249, 293 
biosynthesis of, 189 
blue tetrazolium and, 220, 221 
daily secretion of, 52-53 
dinitrophonylhydrazine and, 281 
extraction of, 307 

fluorescence of, 174, 177-179, 248, 252 
isolation of, 212-214, 248, 295 
metabolism of, 52 
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paper chromatography of, 288-289, 297, 
312 

partition coefficient of, 294 
periodate and, 226 

phenylhydrazine and, 231, 232, 235, 236 
prognanetriolone formation and, 194, 
195 

radioactive, 282 

metabolism of, 254-255, 300-301 
sodium ex(Teiion and, 267-268, 270, 274 
urinary, 316 

Cortisol acetate, paper (?hroinatography 
of, 313 
Cortisone, 
alkali and, 212 
destruction of, 242 
dinitrophenylhydrazine and, 281 
extraction of, 307 
isolation of, 248 

paper chroniatcigrnphy of, 288-289, 297, 
312 

periodate and, 226 
phenylhydrazine and, 231, 234, 235 
pregnanelriol and, 144 
jiregnanetriolone excretion and, 188, 
194 

sodium excretion and, 267-208, 270, 274 
Coriisone acetate, 
blue tetrazolium and, 219 
fluorescence of, 252 
paper chromatography of, 313 
Cortol, occunenco of, 200 
Cortolone(s), 
assay of, 226 
oc( urren(Ee of, 200 
/^-(,'ortolone, 
alkali and, 212 
isolation of, 208 
occiPTODcc of, 200 
Cox, method of, 179-180, 229-230 

and Finkelstein, method of, 173-176 
Creatinine, urine collection and, 204 
Cushing’s syndrome, 201 
adrenals and, 170 

urinary steroids in, 184, 186, 189-191, 
195-196, 251 
C\vclohexane, 

aldosterone isolation and, 288-290, 292- 
294, 296, 311 

('strogen separation and, 11, 15 
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iodoamino acid separation and, 362 
progesterone isolation and, 105 
tetrahydroaldosterone isolation and, 

315 

Cystine, iodine determination and, 373 

D 

Das Gupta and Giroud, method of, 308, 
329 

Davis, method of, 311, 330 
Decolorite, estrogen separation and, 33 
11-Dehydrocorticosterone acetate, paper 
chromatography of, 292 
Dehydroepiandrosterone, 63 
adrenocorticosteroid assay and, 241, 242 
daily secretion of, 52-53 
determination of, 53-59 
metabolism of, 52 
partition chromatography of, 33 
separation of, 72, 80 
standard solutions of, 57 
Dehydroisoand post crone, ad pen ocor tiros- 
teroid assay and, 228, 220 
11-Dehydrocorticosterone, 
isolation of, 212 
phonylhydrazinc and, 232-233 
A^'-Dehydroppogestororie, separation of, 
ia3 

DelsaVs reagent, estiogens and, 43, 45 
Dcining and Luetscher, method of, 200 
Deoxy cort icosterone , 
l)artition coefEcients of, 100 
]irecursors of, 143 
pregnanediol and, 140, 142 
progesterone and, 112 
separation of, 105 

sodium excretion and, 207-270, 272 
1 1 -Deoxy cortisol, 
blue letrazoliiiiii and, 210 
daily secretion of, 52-53 
metabolism of, 52 

pregnane I riolone formation ami, 104 
21-Deoxy cortisol, piegnaiieiri clone and, 
193, 194 

I>eoxycortisone, 

dinitroi)henylhydrazine and, 280 
paper cliromatography of, 292 
pregnanetriolone and, 193 
Dial>otcs, iidrenocoiticosleroid assay ami, 
232 


Diatrizoate, protein and, 357 
Diazotized sulfanilic acid, 
estrogen estimation by, 19 
iodoamino acids and, 377, 378 
Dibromotyrosine, 377 
o-Dichlorobenzene, estrogen separation 
and, 11 

Dichloromethane, see also Methylene 
chloride, Methylene dichloride 
adrenocorticosteroid isolation and, 211, 
253 

aldosterone feolation and, 294 
ketosteroid determination and, 66 
pregnanetriol isolation and, 160 
Dichlorotyrosine, 377 
Diet, aldosterone and, 307 
N', N'-Diethylsulfanilamidc, iodoamino 
acids and, 377-378 
Digitonin, ketosteroids and, 86-88 
20,2l-Dihydroxy-18,20-cpoxy-4-prcgncn-3- 
onc, phenylhydrazine and, 233 
Dihydroxy phenylalanine, noradrenaline 
assay and, 343, 346 

Dihydroxypheriylethylamine, nogidpcna- 
line assay and, 343 
1 1 /?,2 1 -Di hy d poxy jnegna-d ,1 6-d iene-3, 

20-diono, ])henylhydrazine and, 
232-233 

;irv,17a-Dihydpoxy-5/^-ppegnano-ll,20- 

dione, 

l>pegnanrt riolone and, 103 
pt'covery of, 242 

3^,16a-Diliydr()xypp(‘gnan-20-one, so- 
dium excretion and, 275 
1 7 ,20-Di hydroxy steroids, assju' of, 225, 

230 

3,3'-Diiodothyroacetic acid, paper chro- 
matography of, 366 
'‘3,5’-Diiodothyroacetic acid, i)aper 
chromatography of, 366 
Diiodothyronine(s), ninhydrin and, 375- 
376 

3,5-Diiodothyronine, 
arscnite-ceric reaction and, 370-371, 
373-374 

column chromatography of, 363 
ocxmvrence of, 353 
paper chromatography of, 366 
ultraviolet spectroscopy of, 379 
3,3'-l li iodot hy ronine, 
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desiccated thyroid aud, 380 
occurrence of, 353 
paper chromatography of, 365-366 
Diiodotyrosine, 

arsenite-ceric reaction and, 370-371, 
373-374 

column chromatography of, 361-363 
coupling of, 352, 353 
diazotized diethylsulfanilamido and, 
378 

rxlniction of, 359-360 
iodinated proteins and, 369 
isolation of, 352 
ninhydrin and, 375 376 
nitrous acid and, 376 
paper chromatography of. 364 367 
Pauly’s reagent and, 377 
polarography of, 380 
radioactive, 380-381 
ultraviolet spectroscopy of, 378, 379 
m-Dinitrobenzene, 110, see also Zimmer- 
mann reaction 

adrenocorticosleroids and, 245, 246 
ketosteroids and, 52, 56, 61, 66 68, 84 
progesterone and, 119 
purification of, 70 
2,4-Dinitrophenylhydrazine, 
adrenocorticosleroids and, 256 
aldosterone assay and, 280-281, 309 
cortisol and, 281 
cortisone and, 281 
deoxy cortisone and, 280 
oxidation of, 110 

progesterone derivative, 95, 102, 109- 
110, 116, 117, 119, 134 
Diodrast, protein and, 357 
Dioxano, 

aUloslerone isolation and, 288 21K), 292, 
296, 311 

estrogen hydrolysis liy, 6, 31 
iodoamino acid sr^paration and, 367 
steroid extraction and, 208 
Diphenyl oxazolc, aldosterone assay and, 
285 

Diphosphopyridine nucleotide, estrogen 
estimation and, 21-22 
Dithionile, ketosteroid delermination 
and, 69 

Dog, aldosterone assay and, 269-270 
Dorfrnan, method of, 267 
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Dowex-1, icxloamino acid separation on, 
362, 363, 364 

Dovvex-50, catecliol amine assay and, 347 
Drektcr, method of, 64-65 
Dyrenfurth and Venning, method of, 309, 
312 

E 

Edgar, method of, 119, 120 
Edwards and Kellie, method of, 245-247 
Electrophoresis, iodoamino nci<ls and, 
355-357 

Elliott, Birmingliiim, Schally aud Schon- 
baum, methofl of, 223-224 
Emulsions, breaking of, 210-211 
Knovid, aldosterone metabolism and, 304, 
321 

hmzymes, 

adi*enocorticostcroid conj ugates and, 
205-207 

estrogen conjugiiics and, 6-7, 32, 45 
estrogen estimal.ion by, 21-22 
ketosteroid hydi'olysis by, 53 
]»rcgnanctriol and, 150, 154 
fOpiandrostorone, solvolysis of, 54 
16-Epiestriol, 
chromatography of, 46 
occunence of, 3 
stability of, 45 
.sfructure of, 2 

Ei)itestosterone, separation of, 105 
Equilenin, occurrence of, 2 
Equilin, occurrence of, 2 
Ere])siri, iodoamino arid liberation and, 
369 

Kst radiol-17/3, 
estimation, 35-40 
chromatography an<l, 9- 18 
extraction and, 7-9 
hydrolysis and, 5- -7 
purification and, 9 
ciuantitation and, 18-22 
sample collection and, 4-5 
structure of, 2 

testosterone determination and, 61-63 
Estradiol-17p glucosiduronate, fluor- 
ometry of, 34 
Estriol, 

estimation, 35-40 
chromatography and, 9-18, 28 
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extraction and, 7-9 
hydrolysis and, 5-7 
purification and, 9 
quantitation and, 18-22 
sample collection and, 4-5 
separation of, 8 
solvent partition of, 31 
structure of, 2 

Estriul-ieft 17jtf, see 16-Epicstriol 
Estriol glucosiduronate, 
fluorometry of, 34 
solvent partition of, 31, 33 
Estrogens, see also specific compounds 
a<lsorption column chromatography of, 
12-14, 26, 35 

aldosterone binding and, 327 
anabolic pathway of, 142-143 
bioassay of, 29-30 

column partition chromatography of, 
14, 16-18, 23-27, 37-40 
conjugates, 3-4 
chromatography of, 32-34 
differential hydrolysis of, 31-32 
(estimation of, 36-34 
hydrolysis of, 5-7 
quantitation of, 34 
solvent partition of, 30-31 
countercurrent distribution of, 14-15, 
17, 24, 26, 27, 33, 43 
definition of, 1-2 

derivatives, chromatography of, 27-28 
estimation, 
criteria for, 4 
difficulties of, 3-4 
routine, 35-40 
extraction of, 23-24, 44 
gas chromatography of, 18 
hydrolysis of, 23-24, 45 
identification of, 25-80, 40-41 
infrared spectros(5opy of, 28-29, 43 
ion exchange chromatography (»f, 14 
isotopes and, 22-25 
multiple chromatography of, 26-27 
paper chromatography of, 10-12, 26, 27, 
32, 43, 45-46 
proteins and, 3-4, 43-45 
st.ru(!ture of, 2 
Estrone, 

estimation, 35-40 
chromatography and, 9-18, 28 


extraction and, 7-9 
hydrolysis and, 5-7 
purification and, 9 
quantitation and, 18-22 
sample collection and, 4-5 
structure of, 2 

testosterone determination and, 61 
Estrone sulfate, 
chromatography of, 33 
fluorometiy of, 34 
Ethanol, 

adrcno(‘orticosleroid isolation and, 209- 
211, 213, 231, 244, 246, 248, 253 
aldosterone assay and, 286, 288-289, 

294, 2%, 299, 310 

es1rog(‘n isolation and, 13, 15, 43, 41 
iodoamino acid separation and, 364 
kelosteioid dotennination and, 69, 72, 
78, 80 

pregnfinediol isolation and, 148, 149, 
156 157, 159 

picgnanetriol isolation and, 159'ICO 
progesterone isolation and, 94-96, 100- 
101, 103, 113, 124, 128 
purificai ion of, 222, 229 
Ether, 

adrenocortic,osteroid assay and, 207, 
214,226-228,244-246 
aldosterone isolation and, 293, 309 
estrogen isolation and, 8, 13, 30-33 
k(‘to.stcroid extraction by, 53, 60, 61, 
64, 68, 75, 76-81, 84^86 
pregnanodiol isolation and, 149 
j)regnMnetriol isolation and, 159 
pregnanctriolone isolation and, 177 
prog(*stcrone extraction by, 94-96, 98- 
99, 124, 127 
Ethyl acetate, 

adrenocorticoateroid isolation and, 208, 
209, 211, 212, 227 

aldosterone isolation and, 288-289, 294, 

295, 296, 301, 308-309, 311 
estrogen separation and, 13, 15, 31, 33 
ketosteroid isolation and, 53-55, 82 
pregnanediol isolation and, 158 
progesterone extraction and, 95, 97, 124 
Ictrahydroaldosterone isolation and, 

314-316 

Ethylenediamine, catechol amine assay 
and, 339-341, 345-347 
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Ethylene dichloride (Ethylene chloride), 
adrenocorticosteroid isolation and, 208 
aldosterone metabolite and, 315 
estrogen separation and, 16, 33 
ketosteroids and, 64, 83 
noradrenaline assay and, 343 
pregnanetriolone isolation and, 173, 175 
totrahydroaldosterone isolation and, 
315 

Tithyl glyc^ol, aldosterone isolation and, 
288-289, 309 

Ethyl oleate, aldosterone isolation and, 
311, 324 

J'ithynylestradiol 3-molhyl etlier, aldos- 
terone binding and, 327 
lOtiocholnriolone, 63 
adrenocorticosteroid assay and, 229 
determination of, 77 
isolation of, 242 
origin of, 52 
separation of, 72, 80 

Eliocholanoloiie acetate, delermination 
of, 76 

F 

j'arrell, method of, 310, 329 
t'arrell and Richards, method of, 268- 
269, 271 

Fat, i)rog('stt'roric' metabolilos in, 145 
Fat tissue, proge.sU:rone in, 119, 130, 132 
Fatty acids, julnmocoiticosteroid assay 
and, 220 

Feces, 

estrogens in, 44 
pregnanediol in 144-145, 165 
Fehlings solution, 110 
Ferric chloride, iodine (hderrninalion and, 
372-373 
Ferri cyanide, 

catechol arniiio assay and, 344, 345 
iodine determination and, 372-373 
Ferroin, iodine determination and, 372 
Ferrous ammonium sulfate, iodine de- 
termination anfl, 375 
Ferrous sulfate, iodine determination 
and, 372 

Fertility, pregnanediol and, 163 
Finkelstein, method of, 60-63, 176-177 
Finkelstein and Goldberg, method of, 
177-179 
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Flood, method of, 278, 310, 313, 316-316, 
322-323, 326 
Florisil, 

adrenocorticosteroid isolation and, 212- 

214, 235, 238-239, 249 
ketosteroid separation on, 80-84 
pregnimclriol isolation and, 151 

Fluorescein, iodine determination and, 
372 

Flumescence, 
catechols and, 338 

adrenocorticostcroids and, 215, 247-254 
aldosterone assay and, 278-280, 293, 299, 
307-311, 3li 317, 328-330 
I)regnanctriol assay and, 161 
progesterone identification and, 116, 
119, 133-134 
Fluoromctry, 

estrogen estimation by, 20-21, 34, 37, 
46, 62 

pr<*gnanetrio!onc assay and, 172, 177- 
179 

progesterone estimation and, 111-112 
Fnliii and Giocail lean’s reagent, estrogen 
(‘stimalion by, 19 
Follicular fluid, 
hormones in, 143 
l)rogesterone in, 119 

Foriualdcjhyde, adrenocta t icosleroids and, 

215, 216, 225-228 
Forma mule, 

adrenocorlicosleroids and, 228 
aldostfTono iholation and, 288-289, 293, 
296, 297, 308-312 
estrogen sepjuation and, 11, 46 
pi ogria net ri clone islation and, 173, 175 
progeslorone isolation and, 105, 106 
Ic'frahydroaldoslerone isolation and, 
315, 324 

Fonnazari, elution from paper, 22, 315 
}\>rmic acid, iodoamino acid separation 
and, 363, 365 

Fothcrhy, method of, 56-57 
Frame, method of, 87 
Furfural, ketosteroid determination and, 
57-59 

G 

Ganong, method of, 308, 329 
Gardner, method of, 83-84 
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Garst, method of, 310 
Girard’s reagent, 
adrenocorticosteroids and, 227-229 
ketosteroid determination and, 67, 72, 
75, 85 

pregnane triol isolation and, 161 
progesterone and, 94, 99-100, 107-108 
Glass fiber paper, aldosterone isolation 
and, 299 

Globulins, iodoamino acids and, 354-356 
Glucocorticoids, sodium excretion and, 
270, 271 

Glucose, adrenocortieostcroid assay ami, 
240, 244 

Glucuronic acid, 
pregnanediol assay ami, 148 
thyroxine and, 365 
/3-Glucuronidasc, 312 
adrenocorticosteroids and, 205-207, 227, 
229, 231, 238, 239 
aldosterone and, 300, 301-303, 309 
cortisol and, 300 
estrogens and, 6, 32 
inhibition of, 206 
ketosteroids and, 60, 79 
pregnanediol assay and, 149, 158 
pregnanetriol and, 145, 151, 159, 160 
pregnanotriolone assay and, 173 
totrahydroaldosloronc isolation ami, 
314, 315, 321 

thyroxine conjugates and, 365 
Gliicosiduronates, hydrolysis of, 6 
Cllyi’erol, adrcnocorticostrroid assay and, 
243 

Glycols, adrenocorticosloi’oid assay and, 
220, 243 

Glycoproteins, iodoamino acids and, 356 
Gorski, method of, 119, 121 
Gowenlock, method of, 311 
Graafian follicle, progesterone in, 130-131 
Graves disease, thyroxine in, 364 

H 

Hamburger and Rasch, meiliod of, 65 
Haskins, method of, 119, 120 
Heart, tliyroxinc binding in, 356 
Helium, estrogen sej>aration and, 18 
Heparin, plasma collection and, 54 
Hepatitis, aldosterone and, 304 
Heptane, 


ketosteroid separation and, 75-77 
progesterone isolation and, 106 
Hcptanol, aldosterone isolation and, 295- 
296, 309 

Hermaphroditism, pregnane triolone and, 
181, 182 
Hexane, 

aldosterone isolation and, 292, 309-310 
estrogen separation and, 15, 16, 33, 37 
progesterone isolation and, 100, 101, 
102, 103, 113, 125, 128-129 
Ililus-cell turaof, ketosteroids and, 63 
Hinsberg, method of, 119, 120 
Hirsutism, 
ketosteroids and, 59 
pregnanetriolone and, 181 
TIoltorff and Koch, method of, 84 85 
Human, 

aldosterone im’labolism in, 300-305 
estrogens of, 2 

Hydrocortisone, formation of, 143 
l7-Hy(lroxyamlrostanes, oxidation of, 211 
1 l/1-Hydroxyandrost-4-eno-3,17-(liorie, 
tluily s(M retion of, 52-53 
metabolism of, 52 
separation of, 105 

3a-Hydroxy-5a-androst-9(ll)eii-17-oiie, 
oxidation of, 77 

3«-Hydroxy-5/i-androst-9( 1 1 )nn-17-onc, 
formation of, 243, 211 
oxidation of, 77 
ll-llydroxyandrostcronc, 52, 63 
adrenocorticosteroid assay and, 229 
separation of, 80 
stability of, 72 

17-Hydroxycorli(*oslert)ue, formation of, 

143 

IS-Hy droxycorticost erune, 
aldosterone biosynthesis aml^ 328 
metabolite of, 302 

6/^-Hy d roxy-3,5-cy cloandrost an- 1 7-ono , 
chromatography of, 57 

17- Hydroxydeoxycorticost, crone, forma- 

tion of, 143 

IS-Hydroxydeoxycorticosteronc, 290, 315 

18- Hydroxydcoxycortisone, phenylhy- 

drazine and, 233 
4-HydroxydiphenyI, 
acetaldehyde estimation and, 179 
adrenocorticosteroid assay and, 229^-230 
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16a-Hydroxyestronc, 

(•hromaiograp)hy of, 46 
fluorescence of, 46 
occurrence of, 3 
structure of, 2 
1 f)/^-Hydroxyestrone, 
occurrence of, 3 
solubility of, 45 
structure of, 2 
1 S-Hydroxycs( rone, 
occurrence of, 3 
structure of, 2 

11-Hydroxyctiocholanolonc, 52, 63 
adrenocorticosteroid asssay and, 228 
formation of, 242 
separation of, 80 
stability of, 72 

5-Hydroxy indoles, a d im m i ot loi i ic< wt croit I 

assay and, 219 

Hydioxylamine, aMostcaoiu* metabolites 
and, 291,302 

Hydroxylases, prepnaix't] iolone forma- 
tion and, 194-195 

20-Ilydroj)regnaiie.s, (jxaljition of, 211 
17o-Hydroxyproge.st ea om*, 
daily secretion of, 52 53 
formation of, 143 
metabolism of, 52 
occurrence of, 143 
partition coefficients of, 100 
pregnanetriol and, MO 112, MG 147, 
150-151 

pregnanetriol one and, 191, 195 
separation of, 105 

3/?-Hydroxy-5a-pregnan-20-one, t h ioscuni- 
curbazone of, 108 
20a-Hydr oxy pregn-4-cn -3-< )ne , 
formation of, 117 
partition coefficients of, 100 
separation of, 105, 106 
20^-Hydr oxy pregn-4-en -3-ori r , 
formation of, 117 
partition coefficients of, 100 
separation of, 105, 106 
Hydroxj’steroid dehydrogenase (s), estro- 
gen estimation by, 21 
20a-ITydroxysteroid dehydrogenase, pro- 
gesterone identification and, 117 
20j8-Hydroxy8teroid dehydrogenase, pro- 
gesterone identification and, 117 ^ 


Hyflo Superccl, 

iodoamino acid separation on, 361 
progesterone isolation on, 93-95, 102 
Hypaque, protein and, 357 
Hypertension, aldosterone metabolism 
and, 304, 320, 322 

Hyperthyroidism, triiodothyronine up- 
take in, 356 

Hypertrichosis, nee also Hirsiitisiy* 
pregnanediol and, 164, 165 
Hypogonadism, testosterone and, 53 
Hypopituitarism, 201 
Hypothyroidism, triiodothyronine uptake 
in, 356 

I 

lminuiic)clcc1rophorcsi‘«, iodojuiiiiio acids 
and, 356 

Tui-iiieration, iodine ilclfMininat.ion and, 
358-359 

Tn frared sped ros(!Opy, 
aldosterone identification and, 287, 293 
<‘>trog('ns and, 28 -29, 43 
progc.st(‘rono identification and, 117-119 
Insulin, iodination of, 379 
Jo<latr, iodine detcimination and, 370 
lodcikon, protein and, 357 
Iodid(‘, adri‘no(‘oiiicostoroid assay and, 
232 

c-olumn clironiatograpliy of, 361-363 
c‘xl ruction of, 359 
jiapor clironiatograidiy of, 366 
radioactive, 380 
Iodine, 

catediol amino assay and, 342, 344 
determination of, 352, 370-375 
distillation of, 359 

20-hydroxypregncnone isomers and, 106 
Iodoamino acids, 
binding of, 354 
fi'ec, 

column chromatography of, 361-363 
determination of, 369-382 ' 
electrophoresis of, 355-357 
paper chromatograjihy of, 363-367, 
381 

protein-bound iodine piocedure and, 
357-359 

solvent extraction of, 35^-361 
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peptide-bound, 
determination of, 369-382 
hydrolysis of, 368-369 
isolation of, 367-368 
separation of, 369 

7>-IodobcuzcnesulfonyI c-hloride, aldos- 
terone assay and, 282-285, 311, 
324, 330 

lodohislidine, iodinatcd proteins and, 369 

2- (/)-Iodophonyl)-3-(p-nitrophcnyl)-5- 

l)henyltetrazolium chloride, adrono- 
cort icosteroids and, 218-219 
lodopyracct, protein and, 357 

3- Iodothyronme, ultraviolet spectroscopy 

of, 379 

Ion exchange resins, estrogen purification 
and, 9, 14 

lophenoxic acid, protein and, 357 
17-I.soaldosteron(‘, aldosita-one assay and, 
312-313 

Isobutanol, catechol amine assay and, 

347 

Isocitrie, dehydrogemese, e.strog(‘u eslima- 
tion and, 22 

Isonicolinic acid hydraziiu', ])rog(*slcu)n(' 
derivative, 95, 102, 110, 117 
Isooclane, 

aldosterone isolation and, 288-289, 293 
estrogen separation and, 11, 46 
pregnanodiol isolation and, 15S 
Isopentanol, iodoninino acid separation 
and, 365-366 

Isopropanol, estrogen separation and, 13 
Isopropyl acetate, adrenocortic*ost(Moid 
isolation and, 208 

Isopropyl ether, estrogen separation and, 
33 

Isotopes, 

adrenocortieosteroids and, 218, 254-256 
aldosterone assay and, 282-286, 298, 
330-331 

estrog(m esliuiiition and, 24-25, 43 
iodoamino acids and, 380-382 
testosterone determination and, 61-63 
Izzo, Keutmann and Burton, method of, 
222-223 

j 

Jaundice, adrenocorticosteroid assay and, 
232 


Johnson, method of, 271 

Joint fluid, thyroxine binding in, 356 

Jones, method of, 317-318, 322 

K 

Kagawa, method of, 269, 271 
Kaolin, adrenocorticosteroid assay and, 
233 

Kellie and Wade, method of, 79-80 
ll-Ketoandroi#terone, 52, 63 
adrenocorticcJisteroid assay and, 229 
determination of, 78 
separation of, 80 
Ketodase, 

aldosterone metabolites and, 314, 316 
estrogen conjugates and, 6, 32 
prognanediol assay and, 158 
j)rognanetriolone isolation and, 173 
ll-Ketoetiocholaiiolone, 52, 63 
adrenocorticosteroid assay and, 228 
cortolone assay and, 225 
determination of, 78 
fonniition of, 242 
separation of, 80 

U-Kel o-pregnaiie-3a,17tt,20a-l riol, .see 
Pr(*gnanetrioloue 

'il-Ketoprogeslerone, sej>aration of, 105 
^ -3-Kelosleroids, phenylhydrazino and, 
231 

17-Kt*tosleroi(ls, s('(' also sprcific ann- 
jHnifnls 

adrenocorticotropic horniono and, ISl 
assay of, 63-72 
beta fraction of, 86-88 
chromatograi)hy of, 55-56, 82-83 
components, 52 
fractionation of, 72-80 
gradient elution chromatogiaphy of, 
78-80 

miscellaneous methods for, 88 
neutral ketonic fractions and, 86-86 
origin of, 52-53 

])aper chromatography of, 73-78, 80 
virilism and, 53, 59, 63, 170, 192-193 
Kidney, 

adi*enocort icosteroids and, 203 
estrogens in, 43 
iodoamino acids in, 362 
thyroxine binding in, 356 
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Kieselguhr, 

aldosterone isolation and, 317, 325 
aldosterone metabolite isolation and, 
316 

estrogen s(»paration on, 16 
iodoamino acid separation on, 361-362 
Klondshoj, nie'thod of, 67 
Kliman and Peterson, molbod of, 311 
313-314, 330 
Kober reaction, 

estrogen estimation by, 19-20, 35-36, 
42, 46 

])regnanotriol assay and, 161 
sensitivity of, 153 

h 

J-iakshinann an<l Ijic'IxMinan, method of, 
78 

boiicoadretiochroiiu', formation of, 338- 
339 

Jx'wliai’t and Mattox, method of, 281 
Liddlc, method of, 269-271, 277-278 
Li(4)(‘iinan and Lemscher, motliod of, 308 
Liglil petroleum, .sec also Pet rolmim 
et her 

estrogen extinction by, 8 
ketosleroid separation and, 81 
I)rogest(']'one isohition and, 99, 103, 104, 
127 

Ligroin, acc nUo Petroleum ether 
ketostoroid separation and, 61 
progesbM’one isolation and, 125 
t<‘t jahydroaldo 5 >ierorie isolation and, 
315 

Lipids, freezing out, 97, 124, 128 
Lipoproteins, iodoamino acids and, 356 
Inver, 

adrenocorticostcroids and, 203 
estrogens in, 43, 44 
glucuronidase of, 205 
iodoamino acids in, 362 
kelosteroids and, 59 
pregnanediol and, 146 
thyroxine binding in, 356 
Loy, method of, 119, 120 
Lutines, adrenaline assay and, 338-339 
Lymph, thyroxine binding in, 356 

M 

Manganese dioxide, catechol amine assay 
and, 344 


Marcus, method of, 268, 271 
Mattox and Lewbart, method of, 30ft 
Meconium, estrogens in, 43-44 
Medical Research Council, method of, 
67-72 

Menstrual cycle, 2 
i»regnancdiol and, 161-163 
progesterone in, 132 
Meprobamate, adrenocorticosteroid ^say 
and, 243 

Mercury, iodine determination and, 370- 
371 

Methanol, 

adrenocorticosteroid isolation and, 213, 
231, 238 

aldosterone isolation and, 288-289, 2ft2, 
295, 296, 298, 308-311, 317, 325, 328 
estrogen separation and, 11, 13, 15, 16, 
43, 46, 62 

iodoamino acid separation and, 366, 369 
kelohteroid si'i)aration and, 55, 56, 74, 
81, S3 

l)r('gnanediol isolation and, 149, 158 
pregnnnotriolone isolation and, 173, 177 
l)regesterono isolation and, 94-96, 97, 
99, 100, 102-104, 125, 127-129 
purification of, 229 
testosterone determination and, 61 
t et rahy (Ir oeldost erone isolation and , 
315, 316 

Methionine, iodine dcterminalion and, 
373 

2- Methoxyestriol 
occurrence of, 3 
structure of, 2 
2-M tl I oxy ('str( me, 
fluorescence of, 46 
Kober reaction and, 46 
occ urrence' of, 3 
solubility of, 45 
structure of, 2 
idcuhvlal, estrogens and, 43 
Methyl cellosolve, ketosleroid determina- 
tion and, 67 
Mel hylcyclohexane, 
aldosterone metabolite and, 315 
progesterone isolation and, 104, 128, 
129 

Methylene blue, iodine determination 
and, 372 
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Methylene chloride, see also Dich loro- 
methane, Methylene di(*hloiid(* 
estrogen separation and, 11, 13 
ketostcroid separation and, 55 
pregnanediol isolation and, 158, 15!) 
progesterone isolation and, 97, 99, 102 
Methylene dichloridc, sec also Dichloro- 
methano, Methylene chloride 
adrenocorticosteroid isolation and, 208, 
210, 214, 229, 232, 238, 239, 244, 246, 
249, 253 

aldosterone isolation ainl, 294, 307, 311, 
330 

purification of, 223 
tetrahydroaldostcronc' Lstdal iijn aiul, 

315, 316 

Methyl ethyl ketone, estrogen sejnira- 
tion and, 33 

0- Methyl th 3 rroxinc, pap(T ehromatog- 

raphy of, 366 

1- Methyl-3,5,6-tri hydroxy indole, forma- 

tion of, 338 

Miescher reaction, ketosicroids and, 60 
Migeon and Plagor, method of, 80, 81 
Millon's reagent, iodoamino acids and, 
376 

Monochlorobenzene, estrogtm s('pa ration 
and, 11, 46 
Monoiodotyrosine, 
arsenite-ceric reaction and, 373 
column chromatography of, 361-363 
formation of, 360 
iodinated proteins and, 369 
Millon’s reagent and, 376 
ninhydrin and, 375-376 
paper chromatography of, 364-^367 
radioactive, 380-381 
tumor proteins and, 368 
Moolenaar, method of, 280-281, 309 
Mulrow, method of, 308, 329 
Munson, method of, 57-59 
Muselo, thyroxine binding in, 356 
Muscle fatigue, aldosterone and, 266 
Myinse, estrogen conjugates and, 7, 32 

N 

1 ,2-Naphthoquinone-4-sulfonate, nora- 
drenaline and, 341, 343 
Naphthoresorcinol reaction, 
estrogen glucosiduronates and, 34 


pregnanediol assay and, 148 
Neher and Wettstein, method 6f, 295, 
298, 307-313, 329 
Nelson and Samuels, 
method, Kik-Nes modification of, 238- 
239 

Ninljydrin, iodoamino acids and, 375 
/>-Nitroi)henol, estrogen estimation and, 
20 

Nitrous acid, iodoamino acid determina- 
tion and, 376 
Noradrenaline, 
chemistry of, 337*338 
ethlcnodiamine and, 341 
fluorescence of, 338 
iodine and, 342 
l>errnanganate and, 342-343 
Nowaezynski, method of, 277, 309, 312 

o 

Octanol, aldositMono isolalion and, 300 
Oerlel, method of, 119, 121, 128-130 
Osmium, iodine (h'tcrmination and, 370 
Ovary, 2 
hormone of, 92 
prognanetriol and, 142-143 
pregnanetriolonc and, 193 
Oxalate, plasma collection and, 54 
Oxalic acid, catechol amine assay and, 344 
16-Oxoestradiol-17)S^, 
eliromatogi aphy of, 46 
fluorescence of, 46 
occurren(;e of, 3 
structure of, 2 

16-Oxoestrone, fluoresceiu'c of, 46 

P 

Pancreatin, iodoamino acid liberation 
and, 369 

Paraldehyde, adrenocorlicosioroid assay 
and, 232 

Patella vulgaia, 79 
estrogen conjugates and, 7 
Pauly^s reagent, iodoamino acids and, 377 
Pencillin (i, ketosteroid hvdrolvsis and, 
79 

Perbenzoic acid, ketostcroid determina- 
tion and, 77 
Periodate, 

adrenocort icostoroids and, 215-217, 224- 
230 
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aldosterone and, 291 
pregnanetriol assay and, 161, 161 
pregnanetriolone assay and, 172, 176, 
17^180 

Permanganate, adrenaline assay and, 342- 
343 

Permutit, iodochroine separation on, 342 
Perri, method of, 299 
Peterson, method, 323--326 
Peterson and Pierce, method of, 65-67 
Petroleum ether, see also Light petro- 
leum, Ligroiii 

adrenocorticosteroid isolat ion and, 213, 
232, 239, 248, 249, 253 
aldosterone isolation and, 292, 295, 2%, 
308, 309, 311, 317, 325, 328 
estrogen separation and, 11, 13, 46 
ketosleroid isolation and, 56, 60, 61, 66 
]»rcgnanodiol isolation and, 156-157 
pregnanetriolone isolation and, 177 
progesterone isolation nn<l, 97-98, 100- 
101, 124 

Pettenkofer reaction, ketosteroids and, 
57 

o-Phenanthroline nionohydriite, iodine 
determination and, 372 
Phenol real, iodoamino aei<l separation 
and, 362-363 

Phenolsulfatases, estrogc^n conjugates 
and, 6, 32 
Phenyl Cellosolve, 
kelosteroid senaralion and, 74-76 
progesterone isi)hitiori and, 1(X) 
r/?-Phenylonediamine, ethanol purifi<*a- 
tion and, 69, 222 
o-Phenylcncdiainine, 
catechols and, 341 
iodine determination and, 372 

Phcnylliydrazino, adrenocorticosteroi<ls 

and, 215, 217, 231-240 
Phospholipids, 

aldosterone isolation and, 294 
precipitation of, 92 
Phosphomolybdic acid, 
adrenocorticosteroids and, 218 
pregnanediol assay and, 158 
progesterone identification and, IL^- 
116 

Phosphoric acid, 

adn'nocorticosteroids and, 215, 250-251 


aldosterone and, 287, 309 
estrogen estimation by, 20 
pregnanetriolone and, 170, 171, 174, 
177-179 

Pincus and Pcarlman, method of, 86 
Placenta, 2, 22 
adicno(‘orticosteroids in, 207 
enzyme preparation from, 61-62 
estrogens in, 43 
pregnanediol and, 164 
progesterone in, 98, 119-121, 130-131, 
143 

Plasma, see also Blood 
adrenocorticosteroid conjugates in, 
206-207, 253-254 
catechol amines in, 347 
colh‘ctiun of, 54 

deliydr()e])iandroslerone in, 54-56 
estrogens in, 41-44 
livdrolysis of, 54-55 
ketosteroids in, 80-84 
]>roge8teronc in, 99, 119-121, 132-133 
storage of, 5, 204 
testosterone in, 60-63 
Pohirography, 

adrenocorticosteroids and, 25b 
estrogens and, 19 
iodoamino acids and, 379-380 
ketosteroids and, 88 
progesteronci determination by, 93, 107’- 
108 

Porter and Silber, 
method, 231-240 
aldosterone and, 281, 287-290 
j^otasfeiuin, 

radioa('t)ve, aldosterone assay and, 268, 
272-273 

Pot assi uin tort .-butoxidc, 
adreiiocorticosteroid assay anti, 252 
aldosterone assay and, 278, 299 
}*rogesterone estimation and, 111 
Potassium hydroxide, stable solution of, 
70-71 

Prealbuniin, iodoamino acids and, 365 
Prednisone, tetrahydroaldosterone excre- 
tion and, 314 

Pregna-4,1 l’<liene-3,20-dione, partition 
coefficients of, 100 
Pregnancy, 2 

adrenocorticosteroids and, 203 
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aldosterone in, 304, 317, 319 
cortisol in, 316 
estrogens in, 41 
17o-hydroxycorticoids in, 242 
pregnauediol and, 146 
pregnanetriolone and, 171-172, 181, 182 
progesterone in, 96, 131-133 
Pregnanediol, 170 
adrenal studies and, 164-165 
assay, 92-93 

cliroinatogrnphy and, 149-150, 154- 
165, 158-159 

enzyme hydrolysis and, 149, 154 
future developments in, 165-167 
gravimetric method, 147-148 
hydiolysis and precipitation, 148, 154 
refinements of, 149 
sulfuric acid method, 148-149, 155, 
159 

recommended methods, 156-159 
fertility and, 163 
isolation of, 147 
isomers of, 141 
menstrual (lycle and, 161-164 
metabolic precursors, 140-141 
organs producing, 142-144 
occurrence of, 141, 144-145 
paper chromatography of, 150 
placorital studies and, 164 
precii)ita1ion of, 154 

J^iegnancdit)! iliacotate, chroinatogrjiphy 
of, 156-157 

Pregnanetliol glucuronoside, 
hydrolysis of, 153-154 
isolation, assay and, 153 
Pregnane-3a,17a-d iol-20-one, orcurrenc(» 
of, 142 

Pregnanodione, formation of, 141 
Pregnan-17a-ol-3,20-dione, pregnancd.riol 
and, 142 

5jtf-Pregnan-3«-ol-20-onc, occurrence of, 
141 

Prognanetetrol, 
assay of, 227 
occurrence of, 186, 188 
5/9-Prcgnajie-3Qf,llftl7a,20a-tetrol, 
fluorescence of, 174 
occurrence of, 170 
Pregnanetriol, 170 
adrenal function and, 165 


adrenocorticoateroid assay and, 230 
ajpirenocorticotropic hormone and, 181 
assay, 150-151, 150-161, 172, 226-227, 
251 

accuracy of, 152 
convenience of, 153 
precision of, 152 
sensitivity of, 162-163 
specificity of, 151-152 
future developments in, 165-167 
chromatography of, 151, 154-155 
color reactions of, 155-156 * 

Cushing^s syndrome and, 189, 190 
fluorescence of, 177-179 
isolation of, 160 

metabolic precursors, 140-142, 194 
organs producing, 142-144 
occurrence of, 145, 182 
stability of, 150, 154 
virilism and, 143, 144, 192-193 
Prognanf‘-3a,17a,20/St-tri()l, estimation of, 
172 

5a-Pregnano-3a,17Q(,20a-triol, fluorescence 
of, 174 • 

5/i^-Pregnane-3cr,17a,20a-triol, fluorescence 
of, 174 

5^-Pr<*gnanc-3a,17a,20/?-triol, fluorescence 
of, 174 

Pregnanetriol gliu'uronoside, hydrolysis 
of, 154, 159, 160 
Pregnanetriolone, 

adrenal cancer and, 171-172, 182-186 
adrenal hyperplasia and, 171, 186-189, 
251 

assay, 227, 251 
analytical procedure, 172-180 
general considerations, 171-172 
biosynthesis of, 193-196 
fluoi*escehce of, 174 
occurrence of, 180-193 
paper chromatography of, 173-176 
virilism and, 192-193 
5/i-Pregnane-3a,17a,20«-triol-ll-one, sig- 
nificance of, 170 
Pregnanolone, isomers of, 141 
5)8-Pregn-5-cne-3i8,17a,20a-triol, fluores- 
cence of, 174 
Pi’egnenolone, 
corticosteroids and, 143 
ketosteroids and, 59 
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snparaiion of, 101) 

IVogest-erone, 

ndditional identifiralion of, 115-1 IS* 
aldosterono a««ay and, 278 
hioassay of, 92, 93, 115, 119 
chromatography, 93-98 
column, 101-103 

paper, 103-106, 119, 124-125, 127- 

129 

corticosteroids and, 143 
countercurrent distribution of, 93-95, 
100-101, 113-114 
elution from paper, 125, 126, 129 
estimation, 94-95, 166 
accuracy of, 119-122 
applications of, 130-133 
comparison of methods, 123 
correction of, 112-115 
derivatives and, 108-110 
fluorescence and, 111-112 
further dcv^elopinents in, 133-134 
polarography and, 107-108 
precision of, 122 
recommended methods, 130 
sensitivity of, 122-123 
spccificit}^ of, 118-119 
sulfuric acid-ethanol and, 111, 129- 

130 

ultraviolet absorption and, 106-107, 
125, 130 

extraction of, 94-99 
infrared absorption of, 117-118 
isolation of, 92, 94-95, 100-106 
jjfirtition coefficients of, 100, 102 
prt'gnanediol and, 140-141 
l)reliminary purification of, 94' 95, 99- 
100 

radioactive, 122, 124, 128 
ultraviolet absorjition, 92, 94-96, 119 
correction of, 106-107 
urinniy pregnanediol and, 146 
Propanol, 

iodoamino acid separation and, 362 
progesterone isolation .and, 104 
Propylene glycol, 

aldosterone isolation and, 288-292, 296, 
297, 308-310, 312 

ketosteroid separation and, 61, 74-77 
pregnanetriolone estimation and, 175- 
176 
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progesterone isolation and, 104, 105, 
128, 129 

Propylthiouracril, iodine determination 
.and, 373 
Proteins, 

adrcnocorticosteroids and, 209 
aldosterone and, 316, 327 
estrogens and, 3-4, 43-45 
hydrolysis, iodoamino acids and, 368- 
369 

lodinated, 379 
analysis of, 369 
precipitation of, 358 

Protein-bound iodine, signific.ance of, 
357-358 

Pseudohci maphroditism, 
pregnanetriolone and, 170, 171, 181 
urinary steroids and, 187 
pseudomonas testosteroni, hydroxyster- 
oid dehydrogenases of, 21 
Pyridine, 

digit onides and, 87 
forma zan elution by, 277 


(Quenching, 

catechol amine :i;‘say .and, 344-345 
cause of, 247 

(Quinine, a-dreno orticosteroid assay and, 
232 

Qiiinol, estrogen estimation and, 19 

K 

Haeside and Turner, method of, 119, 120 
Hat, aldosterone assay and, 267-269, 274- 
275 

Red cells, 
estrogens in, 43-44 
triiodothyronine uptake by, 356-357 
R(‘d<ly, metho!l of, 236-238 
ieh, method of, 309, 329 
Renal function, aldosterone metabolites 
and, 320-322 

Reaorcylaldehyde, ketosteroids .'md, 60 
Rhodizonic acid, estrogen sulfates and, 34 
Rubin, method of, 73-78 

S 

Saccharatc, glucuronidase and, 206 
Saier, method of, 80-83 
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Salicylo^d hydrazide, aldosterone assay 
and, 281-282 

Sandell and Kolthoff, method of, 370-375 
8<;hmidt and Staudinger, 
method, application of Dyrenfurth and 
Venning, 295-296 
Semen, estrogens in, 44 
Serum, see Blood, Plasma 
Short, method of. 119, 121, 127-128 
Silber, 

method, Moncloa modification of, 253- 
254 

Silber and Busch, mctliod of, 239-240 
Silicic acid, 

adrenocorticosteroid isolation on, 213- 
214, 248 

aldosterone isolation and, 294-295, 299, 
308-311, 317, 328 
estrogen separation on, 12-13 
ketosteroid chromatography on, 55-56 
pregnanediol isolation and, 159 
Silicone grease, estrogen separation on, 
IS 

Silicone paper, progesterone isolation 
and, 104 

Silver, iodine determination and, 370-371 
Simmer and Simmer, method of, 121 
Simpson and Tait, method of, 268, 271 
Singer, method of, 308, 329 
Singer and Stnck-Dunne, metliod of, 30S, 
329 

Singer and Venning, method of, 267-268 
Skelly Solve, see Petroleum ether 
Sobel, method of, 310 
Sodium, 

radioactive, aldosterone and, 267, 272- 
273 

Sodium borohydride, adrenocortjcostcr- 
oids and, 217, 234, 238, 241-245 
Sodium hydroxide, 

adrenocorticosteroid isolation and, 212 
iodoamino acid separation and, 361 
Sommer ville and Deshpande, method of, 
119, 121 

Spirolactones, aldosterone and, 275 
Spleen, glucuronidase of, 205, 206 
Stachenko and Giroud, method of, 308, 
329 

Starch, iodine determination and, 370 
Stein«Loventhal S3mdrome, 


pregnanetriolone in, 193 
urinary steroids in, 164 

Stormshak, method of, 121 

SU4885, tetrahydroaldosterone excretion 
and, 314 

Sugars, adrenocorticosteroid assay and, 
220 

Sulfadiazine, adrenocorticosteroid assay 
and, 232 

Sulfamerazine, adrenocorticosteroid assay 
and, 232 . . 

Sulfanilic acid, iodine determination and, 
372 

Sulfatase, thyroxine conjugates and, 365 

Sulfuric acid, 

adrenocorticosteroids and, 215, 248- 
250, 253 

aldosterone and, 287, 290 
catechol amine assay and, 344 
estrogen estimation and, 20, 34, 37, 46 
ketosteroid determination and, 58, 60 
pregnanediol assay and, 148-149, 155, 
157, 159 

pregnanetriol and, 151, 155, 160 ♦ 
progesterone estimation and, 95, 111, 
116-117, 119 
thyroxine and, 365 

Sulfuric-dichromate, iodine determina- 
tion and, 359 

Sulfuric-permanganato, iodine determina- 
Lion and, 359 


T 

Tait, methods of, 325-327 
Talbot, method of, 85-86 
Talbot and Eitington, method of, 227- 
229 

Teridax, protein and, 357 
Testis, 2 

ketosteroids and, 59 
Testosterone, 170 
daily secretion of, 52-53, 59 
determination of, 60-^3 
metabolites of, 52, 59 
partition coefficients of, 100 
separation of, 105 
virilism and, 53 
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Testosterone glucosiduronatc, solvent 
partition of, 31 
Tetrabromothyroninc, 377 
Totrahydroaldosterone, 290 
chromatography of, 296, 31;>-316 
estimation of, 277, 281, 303, 311^-316, 
322 

excretion of, 320 
extraction of, 294 
identification of, 293 
partition coeflScirnl of, 316 
properties of, 302 
Totrahj'^drocortisol, 170, 200, 303, 
alkali and, 212 
partition coefficient of, 316 
phenylhydrazine and, 233-235 
Totrahydrocortisone, 200, 255, 303 
partition coefficient of, 316 
phenylhydrazine and, 235 
Totrahydrocortisone monoplucosiduro- 
nate, recovery of, 207 
IXrahydrofiirfm, 
deproteinization by, 54 
formazan elution by, 277 
3a,17a,20a,21-Tetrabydroxy-5/3-pree- 
nan-ll-ono, .s^e Cortolone 
3ry,l7a,20p/,2l-Tetrahydroxy-5/il-preg“ 
nan- 11 -one, /51-C]oitoloiio 

'['(‘Iraiodophenolphthalein, protein and, 
357 

raiodotliyronceiic acid, i^ajx'r x i mm.i- 
tography of, 365, 366 
Tetraiodothyroacrylic acid, ])apcr cliro- 
matography of, 366 

Tetraiodothyroformifi acid, papei’ clnn- 
matography of, 366 
'retraiodothyropropionic acid, paper 
chromatography of, 366 
T o t ramethy lam monium hj'droxidc', 

adrenocorticostoroid assay and, 219. 

220, 222, 223 
aldo.sterone assay and, 277 
Tetrazolium sails, nlso Blue t(*lrazo- 
lium 

progesterone i<lenti6cation and, 116 
Thiocyanate, iodine determination and, 
375 

Thiosemicarbazide, progesterone deriva- 
tive, 94, 95, 108-109, 117, 119, 120- 
127, 134 


Thiosulfate, 

a<lrenaline assay and, 342, 346-347 
iodine determination and, 352, 370 
Thiouracil, 

iodine determination and, 373 
iodotyrosine chromatograpliy and, 361 
thyroxine extraction and, 360 
Thiourea, iodotyrosine chromatography 
and, 364 

Thymol, urine storage and, 204 
Thymol blue, iodoamino .acid separation 
and, 362-363 
Tliyroglobulin, 

column chromatography of, 362 
iodine and, 379 
isolation of, 367-3CS 
ultraviolet spectroscoi^y of, 378-379 
Thyroid gland, 

(lesiecated, analysis of, 380 
iodine in, 357 
Thyronine, 

paper chroinatogiaphy of, 366 
»iltraviolet spectroscopy of, 379 
Thyroxamine, ]\*ipf'r chromatography of, 
366 

Thyroxine, 

arscnite-c(*nc‘ leaction and, 370-371, 
373 37 1 
assay, 

chemical inetliods’, 369-378 
gfuieral considerations, 353-'354 
historical, 351-353 
ij)do-compound separation and, 354 
369 

physical methods, 378-382 
column chromatography of, 361-363 
conjugates of, 365 

(liazotizrd diothylsulfanilamidc and, 
378 

('xtraction of, 359-360 
wiimation of, 352 
iodide formation from, 360-361 
metabolic products of, 365, 373 
ninhydrin and, 375-376 
nitrous acid and, 376 
paper chromatography of, 363-367 
Pauly's reagent and, 377 
plasma proteins and, 355-356 
polarography of, 37^80 
radioactive, 
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binding of, 356 
metabolism of, 380, 381 
structure of, 352, 353 
ultraviolet spectroscopy of, 378-^379 
Tliyroxine glucuronide, paper rhroma- 
tography of, 366 
Tissues, 
estrogens in, 
storage of, 204 
thyroxine binding in, 356 
Toluene, 

fildosferone isolation and, 286, 2S8-292, 
296, 297, 308-310, 312, 325 
(^slrogen isolation and, 8, 11, 33, 45, 46 
noradrenaline assay and, 343 
pregnanediol isolation and, 148, 149, 
154, 156-158 
urine storage and, 204 
3,5,6-Triared.oxy-N-methylirjdolp, forma- 
tion of, 339 

Triacetylolcandomycin, adronoeorticos- 
teroid assay and, 232 
Trichloroacetic acid, 
adrenocorticosteroid as^jay and, 211 
246 

pregnane triol and, 151 
protein preedpiiation by, 358 
Trihydroxyindole, catechol ammo assay 
and, 344-345 

3nr , 1 1 /3,2 1-Tri hy (1 roxy-5/S/-p rcgnan-20- 

on-18-al, sre T(»trahydroaMo.sl('v- 
one 

T r i h >'( I i<Dxy-3a , 1 7a,20a-i ) r e gna n - 1 1 -on (' , 

.scr Prognanotriolone 
3 a, 1 7rt ,20/i-Ti i 1 1 y d roxy-5iS-pregn a n- 1 1 - 
one, fluorescence of, 174 
3or,lS,21-Trihydroxy-5/!#-i)regnenc-l 1 ,20- 
dione, 290 

excretion of, 301-302, 316 
17,20,21-Trihydroxysteroids, assay of, 
225, 228 

3,5,3'-Triiodothyroacetic acid, paper chro- 
matography of, 360 
Triiodothyronine (s) , 
column chromatography of, 361-1^)3 
desiccated thyroid and, 380 
diazotized diethylsulfanilomide and, 
378 

ninhydrin and, 375-376 
nitrous acid and, 376 


uptake, red cells and, 356-357 
3,5,3 -Triiodothyronine, 
arsenite-ceric reaction and, 373-374 
discovery of, 353 
paper chromatography of, 363-367 
plasma proteins and, 355-356 
ultraviolet spectroscoin- of, 370 
3,3',5'-Triiodothyronine, 
desiccated thyroid and, 380 
occurrence of, 353 
paper chroma^tography of, 365-366 
3,5,3'-Triiodothyropropionic acid, paixi' 
chroinatograpliy of, 366 
3,3',5-Triiodothyropropionic acid, ])a])er 
chromatography of, 366 
Trimcthylaminoacctohydrazide chloride, 
ketosteroids and, 85 

Trishydroxymethyl aininomcthane, iodo- 
amino acid cloctropljoresis and, 35.*) 
Tritium, estrogens and, 22, 39-40 
Trypsin, iodnainino acid liberation an<l, 
369 

Tryptoi)han, iodine delermination and, 

373 

Tumor, lodopi oleins in, 368 
Tnrnbuirs blue, estrogen esliinalion ami, 

19 

-Tyrosine, 

iodine deteniiinalion ancl, 373 
paper chromatognaphy of, 360 

IJ 

nick, met hod of, 314-315, 322 
rit raviolet absorj)lion, 
aldosterone assay and, 276, 308-310 
estrogens and, 19 
iodoamino acids and, 37S-379 
Urea, mlrcnocorticosteroid assay and, 211 
1 reas(‘, iinnt' colleciion and, 6!> 

Urine, 

al<losterone-3-oxa conjugate in, 305 
313 

collection of, 67-69, 202, 204 
dehydroepiandrosterone in, 53-54, 56- 
59 

estrogen estimation in, 34-41 
extracts, 68, 69 
chromatography of, 75-76 
hydrolysis, 68, 69 
aldosterone assay and, 305-307 



SIRIKCT 


tNDKX 


423 


17-ketosteroids in, 63-72 
pregnanediol in, 145, 156-150 
pregnanetriol in, 145, 159-161 
pregnanetriolone in, 173-180 
storage of, 4-5 
IJrokon, protein and, 357 
Uterus, progesterone in, 130 

V 

Venning, method of, 271, 272 
\’eslcrgaard, method of, 67 
Virilism, 

adrenal and, 144 

ketosteroids and, 53, 59, 03, 170, 192- 
103 

ovarian hormones and, 142-143 
urinary steroids in, 183, 191-193 

w 

Water, progeslorone isolation and, 104 
Waxes, adrenocortifosteroid aps:iy and. 
220 


Y 

Voasl, adrenocorticosteroid assity and, 
240 

z 

Zander, method of, 120 

Zander and Simmer, method of, liO, 123- 
127 

Zinnnermann reaetion, sec aUo m-Dini- 
trobenzene 

adrenoooi tieostiMoids and, 215, 225, 228, 
240 

aldosterone and, 2S7 
interfering substances and, 243 
ketosteroids and, 56, 64, 65, 72, 75, 77, 
SO, 

iiK'thods of, 84-85 
pregnanetriol and, 151 

Ziii<*-aeeti(; acid, adrenocui t ieusU'i oid as- 
say and, 242 

Zinc livdroxidc, protein prc'chnljition and. 
35S 

ZiJ’idt'k and Finkelstein, method of, 177- 
179 



